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ABSTRACT 
This thesis addresses methods of activating phosphate derivatives such as esters. 
anhydrides and phosphoramide esters towards hydrolysis or phosphoryl transfer. These 
substrates are notoriously unreactive in the laboratory, and yet react on the second to 
microsecond time scale in biological systems. In most cases metal ion activated enzyrnes 
are involved. The thesis therefore examines the role of metal ion activation in such 
derivatives. 
The reactivity of carbamoyl phosphate, a key metabolic intermediate has been 
investigated. Coordination of the carbamoyl phosphate to a (NH3)5Co- moiety enhances 
its rate of hydrolysis significantly ( --1 Q3 fold) in the basic region (pH > 9). Hydrolysis 
occurs by elimination in the pH range 3-11 and yields [(NH3)5CoOP03] and cyanate. The 
rate of hydrolysis of the carbamoyl phosphate is further enhanced by coordination to 
additional metal ions. When [(NH3)5C00P03CONH2](CI04) \Vas reacted with 
cis[(trpn)Co(OH)(OH2)]2+ the reaction was rapid (kobs > 10-2 s-1) and appears to occur 
via intramolecular nucleophilic attack of OH- either at carbon or at phosphorus. 
The reactivity of chelate phosphate and phosphoramidate monoesters is a problem 
which has tantalized researchers for many years. Chelate phosphate / phosphoramidate 
monoesters would be formed by intramolecular reaction of OH- and NH2- in deprotonated 
cis[(en)2Co(OH2)(0P(O)(OC6H4N02)2)]2+ and [(NH3)5Co(OP(0)(0C6R4N02)2)]2+ 
respectively. However, the chelate monoester intermediate was not observed in either case, 
in both cases the observed products were the ring opened species. The chelate 
phosphoramidate monoester must be short lived, as the kinetics observed are consistent 
with a mechanism involving reaction of a ring opened interme_diate. Hydrolysis of 
cis[(en)2Co(OH2)(0P(O)(OC6H4N02)2)]2+ occurs via intramolecular attack of OH- at 
phosphorus, and follows a sigmoidal pH rate profile with pKa = 6.86 and ka = 0.18 s-1, to 
yield cis[(en)2Co(OH2)(03P(O)C6H4N02)]+ by rapid ring opening. The fast ring opening 
reaction precludes the study of the chelate ester, and makes a role for the chelate ester in 
biological systems unlikely. 
The effect of additional metal ions on the reactivity of phosphate esters was 
investigated with the binuclear complex µ-amido-µ-4-nitrophenylphosphato-
bis[bis(ethylenediamine)cobalt(ill)](Cl04)3. The rate of hydrolysis of this con1plex was 
enhanced> 102 fold relative to the comparable mononuclear reaction. The ultimate prcxiuct 
of the reaction was the unusual N-phosphorylated ethylenediamine. 
The efficacy of a number of Co(III)hydroxoaqua complexes as reagents for cleaving 
the P-0-P linkage in [(en)2CoP207J- was investigated. Based on these studies, the 
potentially reactive cis[(tamen)Co(OH)(OH2)]2+ (tamen = 6-methyl-6-(4-amino-2-
azabutyl)-1,4-diazacycloheptane) reagent was selected for detailed mechanistic analysis of 
the reaction with the pyrophosphate complex. The use of 31p nmr data and curve fitting 
programs has allowed for the first time complete elucidation of the hydrolytic pathway and 
its description in terms of equilibria and rate constants. 
Cyclic-AMP was utilized as a model for the unreactive polymeric diester DNA. 
Cyclic-AMP is a good model for DNA since it is monomeric, not particularly reactive and 
possesses the 3' and 5'-phosphate linkages observed in DNA. In this context, the 
reactivity of a number of potential artificial nucleases, namely c is 
tetraamineCo(III)hydroxoaqua complexes was explored. A high degree of selectivity of 
bond cleavage was observed, and was found to be dependent on the nature of the amine 
ligand. 
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CHAPTER 1 
INTRODUCTION 
1.1 "Phosphates" in Biological Systems. 
Phosphorylation is fundamental to all aspects of life. It provides the main source of 
energy for carryL,g out various cell functions, for example, biosynthesis, active transport 
of ions and cell nutrients across membranes, and contraction of muscles.1,2 Various 
phosphorylated compounds participate in the transfer of chemical energy in cells. The 
principal reaction in all these processes is phosphoryl transfer. In order to put this study in 
perspective some relevant biochemistry will be outlined below. 
The role of "phosphates" in all living systems is exemplified to a limited degree by 
the following diagram (Figure 1.1).1 
16 i Phosphoenolpyruvate 
14 \ High-energy 
3 Ph h P donors tt1 - esp c-
c 12 glyceroyl~ ~ phosphate ""- - P 
Phosphocreatine 
reservoir ? 
-p i': -~ / 
B ATP"-.. . 
; 6 ~p 
~ 4 -p ~Glucose if ~ ---. 6-phosphate 
2 Low-energy~ Glycerol 
p acceptors 3-phosphate 
Q.___ ________________ _ 
Figure 1.1 
The diagram represents the flow sheet of enzymic phosphate transfer reactions in 
cells. The ATP-ADP system is the primary connecting link between high and low energy 
phosphate compounds; i.e. phosphate groups are first transferred by action of specific 
phosphotransfen1ses from high energy compounds to ADP. For example, 
Phosphoenolpyruvate + ADP 
pyruvate 
kinase 
pyruvare + ATP 
l 
The ATP so formed then becomes a specific phosphate donor to a second enzymatic 
reaction to produce lower energy phosphate compounds. For example, 
ATP + D-glucose Hexokinase ADP + D-glucose-6-phosphate 
The net result is the transfer of a phosphate group from a high energy donor to a lower 
energy acceptor through the ATP-ADP system. (Although the ATP-ADP system is the 
obligatory phosphate group carrier in most energy transfer processes in the cell, the 
5'-phosphates and 5'-triphosphates of other ribonucleosides and deoxyribonucleosides also 
participate in cellular energy transfers). 
Other important phosphate derivatives associated with energy transfer are the high 
energy phosphates. These serve as reservoirs of energy. One of the most important of 
these is phosphocreatine 1.1. In this molecule, the phosphorus ato~ is bonded directly to 
the N atom on a guanidine group. Phosphocreatine regulates the level of ATP by direct 
enzymatic transfer of a phosphate group from ATP to creatine at high ATP levels and by 
transferring the phosphate group from phosphocreatine to ADP when the ATP level drops. 
o- CH 
I H I 3 /o-
O=P........, N-C-N-C-C I II H2 ~ 
a NH 0 
1.1 
ADP is the product of many ATP utilizing reactions in the cell. ATP is also occasionally 
hydrolysed to yield AMP and pyrophosphate. For example, 
ATP + RCOOH + CoA-SH 
(fatty acid) 
AMP + pp. + RCO-S-CoA l 
(fatty acetyl CoA ester) 
The AMP and PPi so formed are returned to the main phosphate-group transfer processes 
via the ATP-ADP cycle (Scheme 1.1 ). 
2 
Inorganic 
pyrophosphatase 
A1P + AMP 
Adenylate 
kinase 
Scheme 1.1 
2P· l 
ATP 
ADP + ADP 
Metal ions (e.g. Mn(II), Zn(II), Mg(Il) etc.) are commonly associated with 
enzymes that hydrolyse phosphate esters and polyphosphate derivatives.3-5 The exact role 
of the metal ion in these catalytic reactions is not well understood. However, metal ions 
must activate the substrate significantly since the substrates are often bound to the metal 
ions and the metalloenzyme catalysed reactions are many orders of magnitude faster than 
their non-enzymic counterparts. A few examples serve to illustrate the point. 
1.2 Alkaline Phosphatases. 
Alkaline phosphatases are metalloenzymes that catalyse the non-specific hydrolysis 
of phosphate monoesters (Scheme 1.2).6-9 
0 Alkaline 
M + H
2
0 phosphatase 
/\'OR 
-o o-
Scheme 1.2 
0 
II 
p 
/ \'OH 
-o o-
+ ROH 
These enzymes are ubiquitous in biological systems, with at least four distinct forms 
present in humans. The best characterized alkaline phosphatase is that isolated from E coli. 
Overall structure - The enzyme is a symmetric dimer with two fold symmetry. IO Each 
subunit comprises 449 amino acid residues and shows a typical a/~ topology with a 10 
stranded p sheet at the centre flanked by 15 a helices of different lengths. Each subunit 
3 
contains an active site located at the carboxyl end of the ~ sheet. The distance between the 
active sites is about 30 A. 
Figure 1.2 
Active site of E.coli alkaline phosphatase. IO 
(Some residues and water molecules have been omitted for clarity). 
Active site -The active site region is defined by Aspl01-Serl02-Ala103, the metal triplet 
(two Zn(II) and one Mg(II) with the associated ligands), Arg 166 and other amino acids in 
the vicinity (Figure 1.2). A large number of water molecules and a tightly bound 
phosphate (in this particular structure) are also located in each. active site. Zn(l) is 
pentacoordinate, with bonds to the imidazole nitrogen atoms of two histidines (His 331 and 
His 412), both carboxyl oxygens of Asp 327 and one of the phosphate oxygens, with an 
average metal ligand distance of 2.07 A. Zn(2) has a tetrahedral coordination sphere 
comprising the imidazole nitrogen of His 370, one of the carboxyl oxygens each of Asp 51 
and Asp 369, and one of the phosphate oxygens. The average metal ligand distance is 2.0 
4 
A. In the absence of phosphate, the hydroxyl group of Ser 102 coordinates to this metal. 
The coordination geometry of Mg(II) can be described as a slightly distorted octahedron, 
with bonds to the second carboxyl oxygen of Asp 51 , one of the carboxyl oxygens of Glu 
322, the hydroxyl group of Thr 155, and three water molecu les. The average Mg-0 
distance is 2.12 A. Phosphate is coordinated to both Zn(l ) and Zn(2). The other two 
oxygens appear to be tightly held by hydrogen bonds from two amino functions of the 
guanidinium group of Arg 166. Arg 166 is in turn hydrogen bonded to Asp 101 and a 
water molecule that is held by Asp 153 and Tyr 169. The phosphate is further hydrogen 
bonded to the amide group of Ser 102, a water molecule that is coordinated to 1'fg, and 
another water molecule that bridges Lys 328. 
The Van der Waals surface of the region described above shows that the active 
pocket is just big enough to hold the phosphate end of the substrate, thus leaving the 
remainder of the substra~e in the solvent region. Residues 101 to 112 form a helical stern 
and provide a firm anchor for the active Ser 102, whose hydroxyl group is disordered. 
The carboxyl group of Asp 101 is positioned such that there is no direct contact with either 
serine or the phosphate. Its role appears to be suitably positioning the guanidinium group 
of Arg 166 and providing part of the electrostatic environment. 
Alkaline phosphatases hydrolyse phosphate monoesters at a rate which is 
independent of the nature of the R group or the pKa of the leaving group (ROH). While the 
two Zn(II) ions are essential for activity, the Mg(II) ion appears to be of less 
importance.9,11 The reaction proceeds through a phosphorylserine intermediate by addition 
of the serine hydroxyl group at the phosphorus centre and loss of the alcohol, followed by 
hydrolysis of the phosphorylserine intermediate.9 Overall retention of configuration of the 
phosphorus centre, consistent with two inversions, is evident from the enzymic 
transphosphorylation of (R)-Methyl I6oI7QI8Q phosphate.12 The rate lirniting step 
depends on the pH of the reaction. In acid, the dephosphorylarion of the serine is rate 
determining while at higher pH, dissociation of the enzyme-phosphate complex is rate 
determining. This accounts for the insensitivity of the rate to the leaving group.9 
5 
Based on present structural and kinetic information and on the observations from 
model studies, a mechanism has been proposed for the enzymic reaction (Scheme 1.3).13 
Both Zn ions bind the phosphate ester. This enhances the approach of the nucleophile to 
the phosphorus centre both by charge neutralization and polarization. The extensive 
hydrogen bonding network associated with the phosphate oxygens (to Arg 166 in 
particular) further enhances this effect. The nucleophile, i.e. deprotonated seryl hydroxyl 
bound to Zn(2), attacks the phosphorus centre with inversion of configuration. 
Coordination to Zn(2) lowers the pKa of the hydroxyl moiety sufficiently so the effective 
nucleophile can be generated at physiological pH. The phosphorane intermediate formed 
then decays to a seryl phosphate species that is bound to both Zn ions. Hydrogen bonding 
assists the alcohol group to depart. Dephosphorylation of the seryl residue occurs by attack 
of Zn(l) bound hydroxide at the phosphorus centre. This results in inversion at 
phosphorus. Ester hydrolysis is complete and the phosphate ion is now bound to the two 
. 
Zn(II) centres with overall retention of configuration. After dissociation of phosphate the 
enzyme returns to its resting state ready to bind another molecule of the ester. 
Ser 
' 8--H CH2 
'. I 
His-N ,~ 
;zn(2) 0 
Asp-O / ' 11 ~ 
..-,0 O-:P-..O-R 
Asp O • 
I I 
Zno > H+ 
N"" '''o ' 
./ N 0,, B 
His •. AsP. 
His 
ROH 
L 
Scheme 1.3 
( Modified from reference 13 ). 
The close proximity of multiple ions in the active site strongly suggest that they play 
a key role in the hydrolytic reactions. However, the exact mechanistic pathways have not 
been clearly established. Multiple metal ions have also been identified in the active sites of 
Phospholipase C14 and DNA Polymerase J15 from structural analyses. Specifically, the 
high resolution structure (1.5 A) of phospholipase C from B. cereus14 shows three five 
coordinate Zn(II) ions bound to a mixture of histidine, aspartate, glutamate residues and 
water ligands. The phosphate ion replaces two water molecules and is bound to two Zn(II) 
ions with one oxygen, and to the remaining Zn(II) ion with another oxygen. In addition, 
high resolution structures of editing complexes of single stranded DNA bound to the large 
fragment of DNA polymerase I (Klenow fragment) from£. co!i15 shows two divalent 
metal ions (Mg2+, Mn2+ or Zn2+) interacting with the phosphodiester. 
1.3 Yeast Inorganic Pyrophosphatase. 
Yeast inorganic pyrophosphatase (PPase) catalyses the hydrolysis of inorganic 
pyrophosphate (PPi) to orthophosphate (Pi) in the presence of Mg(II) (Scheme 1.4 ). 
0 0 
II II PPase 
-o-P-0-P-o- + H20 
I I Mg2+ 
o- o-
Scheme 1.4 
0 
II 
2 HO-P-o-
1 
o-
The enzyme consists of two identical subunits, 16 each with a low and high affinity 
phosphate binding site. Three divalent cations per active site appear to be required for the 
catalysis.17-20 One of the metal ions coordinates to PPi to generate an active substrate, a 
six membered Mg(II) pyrophosphate chelate.21 The other two metal ions are in close 
proximity to one another at the active site on the enzyme.20,22 Of these two metal ions, at 
least one appears to bind within 5-7 A of the metal ion that coordinates to the PPi. 20 
7 
I 
1.4 Kinases. 
A large class of enzymes catalyse transfer of phosphoryl groups from one atom to 
another. Among these, the kinases transfer phosphoryl groups from polyphosphates (for 
example, nucleoside triphosphates) to 0, Nor S atoms of a second substrate. The overall 
reaction can be expressed as:-
Acceptor + Nucleoside 
triphosphate .. 
Phosphorylated + Nucleoside 
cK::Ceptor diphosphata 
These enzymes (with one possible exception) have an absolute requirement for a divalent 
cation, usually Mg(II). 3 A Mg(II) complex of the nucleoside is regarded as the true 
substrate; substitution inert ~,y-[(NH3)4CoATPJ-, p,y-[(H20)4CrATPJ- and 
[ (H2 0 )4RhADP] are substrates and competitive inhibitors of some kinases. 2 3 
Furthermore, tbe enzymes use only one diastereomer of the complex.24 Thus, hexokinase, 
glycerokinase, creatine kinase and arginine kinase are specific for one configuration of the 
chelate (A) while pyruvate kinase, myokinase and fructose-6-phosphate kinase require the 
other (~).25 
Sulphur substituted ADP and ATP analogues have also been used as substrates for 
certain kinases. 26-28 These studies also demonstrate that the substrate is required to be 
coordinated in a didentate mode for reactivity, and that the reactions are stereospecific. 
1.5 Reactions of Phosphates in the Absence of Metal Ions. 
Nucleophilic substitution of phosphates occurs by two basic mechanisms29,30:-
(i) SN 1 (P) - Dissociative mechanism 
(ii) SN2(P) - Associative mechanism 
The SNl(P) mechanism is characterized by rate detennining P-0 bond cleavage to 
generate a highly reactive three coordinate metaphosphate intermediate. This species then 
reacts rapidly with nucleophiles present in the medium (Scheme 1.5). The rate of reaction 
is dependent on the pKa of the leaving group and independent of the basicity of the 
nucleophile. 
8 
0 
II p ., 
/ \''OR 
-o o-
o-
1 Nu 
P. .. 
o~ .. ~o 
+ 
Scheme 1.5 
In contras~ the bimolecular reaction involves rate determining formation and decay 
of a five coordinate oxyphosphorane intennediate.31 This intermediate generally favours a 
trigonal bi pyramidal geometry, except in spirophosphoranes where a square pyramidal 
structure is observed.32 The reaction rate depends on the pKa of both the nucleophile and 
the leaving group (Scheme 1.6). 
0 
II p ., / \''OR 
RO OR 
Nu 
... 
OR 
I ~,o ,, 
Ro-p· 
l'°OR 
... 
Nu 
Scheme 1.6 
A great deal of work has been carried out in order to establish the conditions under 
which reactions of phosphates occur in the absence of metal ions.29,30,33-35 Phosphate 
monoesters can react via either mechanism. The mechanism by which the reaction 
proceeds is determined by the type of phosphate ester, the properties of the leaving group 
and the state of ionization of the molecule. The neutral diprotonated form of the phosphate 
monoester and other neutral phosphoramidates and polyphosphates appear to react via an 
oxyphosphorane intermediate, while the dianionic forms appear to react solely via a 
metaphosphate intermediate. Phosphate di- and triesters appear to react exclusively by an 
SN2(P) process. 
9 
Hydrolysis of free phosphate esters occurs at very slow rates except in two special 
instances:-
(I) Cyclic phosphate esters. 
The hydrolysis of five membered cyclic phosphates, both in acid and in base, 
occurs lo6-108 fold faster than their acyclic analogues. For example, ethylenephosphate 
and methylethylenephosphate hydrolyse - lo6 times faster in base than dimethylphosphate 
and trimethylphosphate respectively.36 The observed rate enhancements were initially 
attributed to relief of strain in the product. However, in acid, exocyclic hydrolysis 
(specifically, oxygen exchange in ethylenephosphate and loss of the methoxy group in 
methylethylenephosphate) OCCU!fed without ring opening at a similar rate to that yielding 
the ring opened species. Strain relief in the product does not account for this. 
W estheimer31 proposed a reaction scheme that accommodated all these observations, and 
this is illust!a(ed below for the acid hydrolysis of methylethylenephosphate (Scheme 1.7). 
pseudorotation 1i 
Scheme 1.7 
The rate enhancement for cyclic phosphates relative to their acyclic forms arises 
from two effects of the ring. In the distorted tetrahedral ground state, the ring is required to 
span an angle of 109°, whereas in the trigonal bipyramidal intermediate this angle can be 
10 
reduced to a strain free value of 90° provided the ring spans apical-equatorial positions. 
The strain is thereby relieved in forming the intermediate.37 In addition, the phosphorane 
is stabilized by the decrease in steric repulsions in the intermediate (with respect to the 
attacking nucleophile) as a result of the constraints imposed by the five membered ring. 
These effects are reflected in a lowering of the energy of the transition state for the reaction. 
The extent of exocyclic hydrolysis is determined by the ability of the phosphorane 
intermediate to pseudorotate.38,39 Westheimer's theory can be summarized by a number of 
rules:-
(i) The reaction proceeds via a phosphorane intermediate. 
(ii) The nucleophile and the leaving group enter and depart respectively, at 
apical positions in the phosphorane. 
(iii) The trigonal bipyramidal intermediate pseudorotates with certain 
restrictions {rules (iv) and (v)}. 
(iv) Four and five membered rings may span only apical and equatorial 
positions. 
(v) In the phosphorane, the substituents are oriented depending on their 
relative apicophilicities. 
(II) lntramolecular mechanisms. 
(i) The diester 1.240 hydrolyses -105 fold more rapidly in 1 M base than 
1.341 (kobs = 0.1 s-1 and -4 x 10-7 s-1 respectively). The difference in rate is attributed to 
the presence of an intramolecular pathway for the hydrolysis of 1.2, that is not available to 
1.3. 
1.2 1.3 
11 
(ii) The molecule 1.4 hydrolyses 1 Q7 -1 Q8 fold faster than the analogous 
compound that does not have the carboxylate ion ortho to the phosphate ester.41 This is 
attributed to intramolecular attack by carboxylate at the phosphorus centre. 
1.4 
The implication in section (I) is that strained rings can enhance the hydrolysis rate and in 
section (II) that an intramolecular nucleophile is also efficient, presumably through entropy 
effects. 
1.6 Activation by Metal Ions. 
There are several ways for metal ions to act in the the enzymic systems, namely, by 
(i) electrophilic activation of the phosphorus centre. 
(ii) neutralization of charge on the phosphate moiety. 
(iii) activation of the substrate by chelation. 
(iv) orientation of the substrate and nucleophile for intramolecular reaction. 
(v) providing an effective nucleophile, such as coordinated OH-, at 
physiological pH. 
One of the problems associated with evaluating the effect of metal ions on reaction rates 
is that labile complexes are often involved, and separating equilibria from irreversible 
reactions becomes difficult. Furthermore, it is difficult to assess the identity of the reactive 
species. In order to avoid such complications, it is advantageous to use more inert 
complexes which will stay intact for the duration of the reaction. 
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1.6.1 Effect of Intermolecular Attack. 
Coordination of a metal ion to a phosphate derivative would tend to increase the rate 
of nucleophilic attack at the phosphorus centre. This arises from two effects; namely, the 
decrease in negative charge on the phosphate and the resulting increase in electrophilicity at 
phosphorus. The first clear example of "phosphate" activation exclusively by an 
intermolecular reaction involved attack of OH- at the phosphorus centre of TMP 
coordinated to a (NH3) 5 Ir(III)- moiety. 42 The complex hydrolysed to yield 
[(NH3)5IrDMP]2+ and methanol, with -400 fold increase in rate relative to the free ligand 
(Scheme 1.8). 
/OCH3 13+ 
(NH3)51r-O=P~OCH3 
OCH3 
... 
/ 
18Q 12+ ~ (NH3)51r -0 -P ~ OCH3 
OCH3 
+ 
CHaa-1 
Scheme 1.8 
A similar rate enhancement was obtained on hydrolysis of the analogous Rh(III) 
complex by this path.43 However, in this instance, in addition to [(NH3)5RhDMP]2+ and 
methanol, a significant amount of TMP was also prcxiuced due to the greater !ability of the 
Rh(III) ion. This complication is even more evident when Co(III) is the metal ion, and the 
reaction proceeds almost exclusively via Co-0 bond cleavage.44 However, based on 
previous observations involving Co(III), Rh(III) and Ir(III) promoted reactions on nitriles 
and amides, a similar reactivity pattern at the phosphorus centre could be expected for 
13 
[(NH3)5CoTMPJ3+. There appears to be little variation in rate constants for the Co(III) 
triad when metal to ligand bond formation or fission is not directly involved in reaction of a 
coordinated ligand. 45-48 Although appreciable rate enhancements have been obtained by 
the intermolecular path, the rates are still significantly slower than those observed in 
enzymic reactions. 
1.6.2 Effect of Intramolecular Nucleophiles. 
(I) Hydroxide ion - The efficacy of hydroxide ion as an intramolecular nucleophile was 
explored initially through the monoester complex cis[(en)2Co(OH2)NPP]+.49 Hydrolysis 
of this complex occurs by attack of metal bound hydroxide at the phosphorus centre 
(Scheme 1.9). Tracer experiments showed that the reaction proceeds via an 
oxyphosphorane intermediate which is sufficiently long lived to exchange oxygen (-18%) 
""'.ith solvent water. ~e oxyphosphorane intermediate decays to the chelate (via loss of 
-OC6H4N02) which at pH> 9 ring opens through Co-0 bond cleavage to yield the 
monodentate species. Hydrolysis of the NPP is enhanced -1()5 fold on coordination to the 
metal centre. 
Important facets of this chemistry include facile oxygen to oxygen phosphoryl 
transfer (as with certain enzymes), and that the reaction mechanism is changed on 
complexation. Thus, a free monoester phosphate dianion which characteristically 
hydrolyses via the metaphosphate path may be considered as a "pseudo-diester" when 
coordinated to the metal ion, and therefore hydrolyses via a phosphorane intermediate. The 
withdrawal of electron density and provision of the adjacent nucleophile also directs the 
reaction towards the SN2(P) pathway. 
The diester complexes cis[(en)2Ir(OH2)ENPP]2+ and cis[(en)2Ir(OH2)BNPP]2+ 
also hydrolyse by this path.13 In this instance, decomposition of the phosphorane 
intermediate yields the chelated monoester initially (Scheme 1.10) although this was not 
observed. The observed product was the ring opened species formed by P-0 bond rupture 
in the chelate. The chelate ester appears to be very reactive to ring opening but not to 
exocyclic hydrolysis. Westheimer's criteria for SN2(P) reactions requires the entering 
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/ 
Scheme 1.9 
nucleophile and the leaving group to be placed apically in the trigonal bipyramidal 
intermediate with the chelate ring spanning apical-equatorial positions. The ester group 
must therefore occupy an equatorial position in the intermediate. For the ester group to be 
expelled, it is required to be apical and hence the intermediate must ·pseudorotate. This is 
not evident, even with a good leaving group (-OC6H4N02), implying that P-0 bond 
cleavage is more rapid than pseudorotation (pseudorotation has been observed in other 
phosphoranes with four membered ring systems).50 Clearly, the reactivity of the 
phosphate esters are enhanced significantly on chelation but not in a productive way for 
ester hydrolysis. 
15 
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+ 
Scheme 1.10 
In addition to the well-defined preformed complexes, a variety of more labile 
Co(III) reagents have been developed. These molecules contain a labile water molecule 
which can be readily displaced by the substrate (Scheme 1.11 ). This places the nucleophile 
cis to the substrate, ready for reaction. 
+ 
Scheme 1.11 
OH l+ 
(N4)Co( \. 9'0 
0-P-OR \ 
OR' 
/ 
Cis[(tn)2Co(OH)(OH2)]2+ has been an effective reagent for hydrolysing 
4-nitrophenyl phosphate,51 pyrophosphate,52-54 polyphosphate,54-56 nitriles57 and for 
hydrating olefins. 5 8 Linear triphosphates are also readily cleaved by 
cis[(N4)Co(OH)(OH2)]2+ reagents.53 Didentate coordination to the complex had little 
effect on the rate of hydrolysis at neutral pH.59 However, addition of 
cis[(NH3)4Co(OH2)2]3+ and cis[(cyclen)Co(OH)(OH2)]2+ to [(NH3)4Co(P3010)]2- (a, ~ 
coordination) resulted in rate enhancements of -700 fold and 5 x 105 fold respectively, 
relative to the free ligand. 60,61 Presumably, the reaction occurs by attack of bound 
deprotonated water at the phosphorus centre (Scheme 1.12). 
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0 0 
\\ / 
0-P 
/ " (NH3)4Co 0 
"o-P/ 0 0 // ". '°' If/ A)H 
O 0-P~/ 
0-Co(cyclen) 
Scheme 1.12 
The a, y coordinated triphosphate has been synthesized but little is known about the 
hydrolytic behaviour of the complex. 62 
The a,p,y tridentate complex [(tacn)Co(P3010)]2- is rapidly cleaved to 
pyrophosphate and phosphate63 by one mole of cis[(tn)2Co(OH)(OH2)]2+ (Scheme 1.13). 
The rate is increased ,.., 1 ()6 fold relative to that for the free ligand. The rate of reaction is 
independent of excess cis[(tn)2Co(OH)(OH2)]2+ but the extent of reaction depends on the 
amount 9f hydroxoaqua reagent present. Thus, three .m~les of Co(IIl) are required for 
complete hydrolysis. 
Hydrolysis of pyrophosphate by such Co(III)hydroxoaqua reagents under optimum 
reaction conditions occurs --10 fold slower than the reaction discussed above. Presumably 
this is at least partly because phosphate in general is a poorer leaving group than 
pyrophosphate. 
0,, / 0 12-
.,,,-P-o 
0 / 
~O-P"'-...0 + [(tn)2Co(OH)(OH2)]2+ (tacn)Co......._ .,,,,o 
0-P 
'''o 0 
~\ /0 1-
,.,.,P-o 0 / 
(tacn)J/O-P\ O 
I 0 
0 
' ,........o..._c ( ) ~ P......._ ,; o tn 2 o~ ._o, 
Scheme 1.13 
/ 
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ADP and ATP are dephosphorylated and depyropho sphorylated by 
cis[(N4)Co(OH)(OH2)]2+ complexes under neutral conditions.55,56,64,65 The most 
reactive species contain more than one metal ion. For example, the rate of hydrolysis of 
ATP is increased on addition of one equivalent of cis[(tn)2Co(OH)(OH2)]2+. Addition of 
more cis[(tn)2Co(OH)(OH2)]2+ enhances the rate of hydrolysis up to - 105 fold with three 
moles of cis[(tn)2Co(OH)(OH2)]2+ per mole of ATP, at pH 7. The reaction presumably 
occurs by attack of cis bound hydroxide ion on the phosphorus centre bound to the 
[(tn)2Co(OH)(OH2)]2+. 
The first molecule of cis[(N4)Co(OH)(OH2)]2+ forms a ~, y chelate. The reactivity 
of the system does not depend on the structure of this molecule; preformed [(trpn)CoATP] 
and [(tn)2CoATP] complexes react at identical rates64 with equivalent amounts of 
c is [ ( tn) 2 Co ( 0 H) ( 0 H 2)] 2 +. However, on addition of one mole of 
cis[(trpn)Co(OH)(OH2)]2+ to either of these preformed ATP complexes -100 fold rate 
enhancement is obtained relative to the analogous reaction with added 
cis[(tn)2Co(OH)(OH2)]2+. This is probably due to two factors; the faster rate of water 
exchange 6 6 and the constrained c is geometry of the trpn complex. 
Cis[(tn)2Co(OH)(OH2)]2+ can coordinate in the unproductive trans configuration as well, 
but rearrangement of such a structure to the reactive cis form is likely to occur. 
Possible structure of the active 3 : 1 complex. 
1.5 
In these systems ATP is predominantly dephosphorylated. However, addition of Cu2+ or 
Ca2+ to [(N4)CoATP] yields significant quantities of pyrophosphate. 65 Cu2+ has a 
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reasonably strong affinity for N7 of the adenine residue, and attack by the Cu bound OH- at 
the a-phosphorus is possible from this position. 
Similarly, ADP is also catalytically hydrolysed by cis[(N4)Co(OH)(OH2)]2+ 
reagents.55,66 More than one mole of reagent per mole of ADP is required for reactivity. 
The reactive complex is believed to be 1.6 
/Co(tn)2 15+ 
0 \ 0 
,..........0 ......... 11,.......Q"- II ,.......--0....-...,Co(t ) 
Ad P P / n2 
I I OH o, /0 
Co(tn)2 
1.6 
The Co(III)hydroxoaqua complexes of (tn)2, (tmen)2, trien and (bpy)2 cleave the 
. 
phosphonate esters 4-nitrophenyl-methyl phosphonate, and ethyl-4-nitrophenyl-methyl 
phosphonate. 67 In both cases, the rate at which the 4-nitrophenolate ion is produced 
parallels the reactivity of the complexes with regard to exchange of coordinated water 
((tmen)2 > (tn)2 > trien > (bpy)2) implying that this step is probably rate limiting. 
A number of phosphate monoesters and diesters have also been hydrolysed by such 
reagents.68-73 Problems in using even well-behaved metal ion complexes of this type to 
investigate reaction mechanisms have been highlighted by some recent studies. BNPP is 
hydrolysed by the Co(III)hydroxoaqua complexes of cyclen, tren and trpn with apparent 
second order rate constants which parallel their rates of anation by phosphate ion.71 The 
-300 fold difference in reactivity, however, is attributed to differences in the rates of 
intramolecular attack by metal bound OH- ion. In another study however, the rate of 
substrate binding with less reactive Co(III) reagents was acknowledged to be important. 
These conclusions appear to be anomalous and deserve further study and resolution. 
Clearly, there are several processes involved and the preliminary evidence indicates that the 
reaction can be quite complicated. 
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(II) Amido ion - Initial work involved investigating the reactivity of fluorophosphate74 
and NPP75 coordinated to a (NH3)5Co(III)- moiety. Hydrolysis of the complexes by this 
path occurs via attack of bound deprotonated ammonia at the phosphorus centre (Scheme 
1.14). 
a-r 
I 
! 
- + + X, H 
! 
0 1-H // ,,,\0 
N-P··' 
(NH) Co/ ~O 34 '\_ 
OH 
Scheme 1.14 
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It is unclear in these examples if the intramolecular process is concerted or if it involves an 
aminophosphorane intermediate. If an aminophosphorane intermediate is involved, it 
appears to be relatively short lived as no oxygen exchange occurs, unlike that of the 
oxyphosphorane analogue.49 The observed hydrolysis product by the intramolecular path 
was the N-bound monodentate phosphoramidate complex, presumably formed by Co-0 
bond rupture of the intermediate chelate phosphoramidate. The more reactive 
[(NH3)5CoDNPP]2+ complex hydrolyses by the same mechanism.76 However, in this 
case, the initial observed product of the intramolecular route was the chelate 
phosphoramidate. This subsequently decayed to the N-bound monodentate 
phosphoramidate complex. 
The net outcome of these intramolecular processes was the rapid transfer of a 
phosphoryl group from oxygen to nitrogen. Hydrolysis rates of monoesters are enhanced 
1os-107 fold on c09rdination to the (NH3)5Co(III)- moiety. When the actual concentration 
of metal bound amido ion is taken into account, the enhancements are 108-1010. 
Significantly, with [(NH3)5C0DNPP]2+ the intramolecular mode represents -103 fold 
enhancement in rate relative to the corresponding intermolecular reaction with NH3 as the 
nucleophile. If the concentration of the nucleophiles are allowed for, the enhancement is of 
the order of - lo6. 
Hydrolysis of the diester complex [(NH3)5CoENPP]2+ occurs primarily by an 
intramolecular path.13 The immediate phosphorus containing product by this route was the 
chelate phosphoramidate ester (Scheme 1.15). In base, this yields free ethyl 
phosphoramidate by Co-0 bond rupture in the chelate. Cleavage of the nitrophenolate ion 
from the free di ester is enhanced -1 ()6 fold on coordination by the (NH3)5Co(III) moiety or 
-108 fold after allowing for the effective concentration of the nucleophile. 
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OH 
I 
Scheme 1.15 
With the Ir(III) diesters [(NH3)5IrENPP]2+ and [(NH3)5IrBNPP]2+ the observed 
hydrolysis products formed via attack of metal bound amido ion at the phosphorus centre 
were the N-bound ring opened species 1.7 and 1.8 respectively.13 However, in these 
systems, unlike the analogous Co(III) chemistry, ring opening occurs by P-0 bond 
cleavage. 
1.7 1.8 
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The reactions involving intramolecular nucleophiles are complicated through loss of 
free ligand by the well documented SN 1 (CB) path.77,78 A discussion of this pathway is 
outside the scope of this thesis. 
1. 7 Activation by More than One Metal Ion. 
The dimeric complexes 1.9,51 1.1079 and 1.1113 provide an opportunity to 
assess the effect of simultaneous coordin~tion to two metal ions on the rate of phosphate 
ester hydrolysis. 
1.9 1.10 
1.11 
(I) OH- as the nucleophile. 
In the first step, the eight membered ring of the dimer 1.10 ring opens by cleavage 
of one of the Co-0 bonds (Scheme 1.16). This molecule is hydrolysed by two competing 
pathways; intramolecular attack of OH- at the phosphorus centre and the usual SNl(CB) 
route. Comparison of the rates of intramolecular attack in the dimer and in the analogous 
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.. 
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Scheme 1.16 
monoester complex 1.1249 shows that coordination of a second Co(III) centre enhances 
the reactivity -25 fold. 
1.12 
The (tn)2 analogue is also hydrolysed by these paths. In this instance, the rate 
enhancement for the intramolecular reaction relative to the mononuclear species is -500 
fold. Therefore a relatively modest rate enhancement is obtained through coordination of 
the second Co(III) centre to the phosphate ester. Clearly, the nature of the amine ligand 
bound to the Co(III) metal ion has a significant effect on the reactivity of these complexes. 
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(II) -NH2 · as the nucleophile. 
Similar effects are obtained with NH2- as the intramolecular nucleophile (Scheme 
1.17). The rate of hydrolysis by the intramolecular path is increased -100 fold relative to 
the mononuclear complex [(NH3)5CoNPP]+. The role of the second metal ion is clearly 
less significant than that of the first. The second metal ion only enhances the rate of 
reaction by charge neutralization and withdrawal of electron density from the phosphorus at 
a similar level as Ir(III) activating the triester TMP.42 
/ 
H 13+ 
/N'- //0 
-~H4N~ + (NH3)4Co......_ ..,.P 
' 0 0Co(NH3)5 
+ 
0 12+ 
H /~0Co(NH3)5 I N-P 
/ 'o 
(NH3)4Co\-.OH 
+ 
0 l+ 
[(NH3)4Co(OHht 11_..,. NH2 + (NH3)5Coo-P, 
0 
Scheme 1.17 
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1.8 The Present Study. 
The studies presented in this chapter demonstrate ways in which metal ions activate 
"phosphates" and, to a certain extent, quantify the activation arising from the various 
factors in the individual processes. However aspects of the chemistry still remain 
unresolved and unexplored. This thesis addresses some of these issues. For example, 
(i) There is a need to synthesize chelate phosphate esters as their presence and high 
reactivity have been implied in an indirect way from hydrolytic studies of diesters. 
(ii) The intermediacy of the aminophosphorane remains a matter of conjecture. 
(iii) The kinetics of cis[(N4)Co(OH)(OH2)]2+ promoted hydrolytic processes are not 
fully resolved in terms of rate determining steps in the rather complicated reaction paths. 
(iv) There is also a growing need to develop more efficient reagents that could 
selectively hydrolyse natural diesters. Such reagents are important tools for fragmenting 
nucleic acids and determining their nucleotide sequence. They may also prove useful as 
detoxifying agents of phosphate based toxic compounds, e.g. insecticides, nerve gases, 
toxic by-products in industry. 
(v) Much of the work involving metal ion promoted reactions of "phosphates" has 
been confined to phosphate esters and polyphosphates. A number of other important 
phosphate derivatives are involved in essential biological processes, for example, 
carbamoyl phosphate, phosphocreatine, phosphoenol pyruvate, 3-phosphogylceroyl 
phosphate. Metal ions are often associated with these processes. An insight into the 
mechanistic aspects of these systems might be gained by simple mcxlel studies. 
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CHAPTER 2 
2.1 INTRODUCTION 
Carbamoyl phosphate is an important intermediate in pathways leading to the 
synthesis and degradation of amino acids, nucleotides and other nitrogenous substances.1 ,2 
The organic forms of nitrogen are derived by incorporation of ammonium ion into amino 
groups or amide groups. Once it has been incorporated into an organic compound the 
nitrogen can be transferred to synthesize more complex nitrogenous compounds. Glutamic 
acid, aspartic acid, glutamine, asparagine and carbamoyl phosphate are generally involved 
in such transfer reactions and constitute the nitrogen pool from which nitrogen can be 
withdrawn and to which it can be returned. 
Carbamoyl phosphate is formed biologically from ammonia, bicarbonate and two 
molecules of ATP (Scheme 2.1). 
2ATP 
carbamoyl phosphate 
synthetase 
Scheme 2.1 
H2N ..,.OPo/-
'c' 
II 
0 
carbamoyl phosphate 
It functions as a universal donor of the carbamoyl moiety in the biosynthesis of 
citrulline, an intermediate in the urea cycle (Scheme 2.2), and N-carbamoyl aspartate, a 
precursor to pyrimidine nucleotides (Scheme 2.3). 
Carbamoyl phosphate also combines with ADP in the presence of carbamoyl 
phosphate synthetase to form ATP stoichiometrically. Carbamoyl phosphate is therefore a 
"reagent" of biological importance. As such it is desirable to understand the mechanisms 
associated with the chemistry of this molecule. Since much of this enzymic chemistry has 
metal ion cofactors, carbamoyl phosphate complexes are obvious systems to explore in this 
context. 
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e.g. uridine 5'-phosphate (UMP) 
Scheme 2.3 
The behaviour of carbamoyl phosphate in aqueous media has been extensively 
investigated. 3-5 The conjugate acid, neutral molecule and monoanion ( < pH 6) decompose 
in water to give ammonia, carbon dioxide and orthophosphoric acid, while the dianion and 
the conjugate base (>pH 6) yield cyanate and orthophosphate. 
There is, however, some controversy regarding the mechanism by which these 
reactions occur. Halmann et al. propose an SN 1 path for the hydrolysis of the neutral, 
monoanionic and dianionic species. 3 Thus, rate determining cleavage of the C-0 bond 
would result in the carbamoyl cation. (-20% P-0 bond rupture is also observed for the 
neutral and monoanionic species). The cation once formed would react rapidly with 
hydronium ion, water or hydroxide to yield the hydrolysis products (Scheme 2.4). 
H2N OP03H2 
,1 
C 
II H30+ 0 P04H2- NH/ neutral molecule .. + CO2 + H3P04 
H2N OP03H-
'c/ 
rds H20 II H2NCO+ P04H2- NH4+ HC03- + H2P04-0 + )II: + 
monoamon 
H N OPO 2-
2 '\. / 3 
C 
a-r 
.. 
II 
0 
dianion 
Scheme 2.4 
Exclusive C-0 bond rupture is observed with both the conjugate base and the 
conjugate acid. These reactions are proposed to occur via unimolecular elimination of 
orthophosphate (Scheme 2.5) and nucleophilic attack of water at the carbonyl centre 
respectively (Scheme 2.6). 
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Scheme 2.5 
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Conversely, Jones et al. propose that hydrolysis of the monoanion and dianion 
occurs via a unimolecular elimination involving P-0 and C-0 bond rupture respectively.4 
Thus, the monoanion would eliminate carbamic acid to form metaphosphate, which in turn 
would react rapidly with water to yield orthophosphate (Scheme 2. 7). 
slow 
+ 
0 o-
~ / p 
II 
0 
Scheme 2.7 
fast 
The dianion decomposes via elimination of cyanic acid which, depending on the pH 
of the solution, ionizes to the stable cyanate ion or hydrolyses to yield carbamic acid. The 
latter decomposes subsequently to CO2 and NH3 (Scheme 2.8). Although Jones et al. 
observed C-0 bond cleavage on hydrolysis of the neutral species, they were unable to 
identify the carbamoyl product formed. 
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Since the effect of metal ions on these non-enzymic systems has not been explored 
to date, a kinetically inert metal complex [(NH3)5CoOP03CONH2](Cl04) was synthesized 
and its hydrol ytic behaviour investigated. 
2.2 EXPERIMENT AL 
2.2.1 Reagents and Instrumentation. 
All reagents used were analytical grade unless otherwise stated. NaOCN was 
purified by recrystallization from ethanol. 6 31 P nmr spectra were recorded with a JOEL 
FX-60 instrument at 24.21 MHz or with a Varian VXR-300 spectrophotometer at 121.42 
MHz. Chemical shifts were obtained in ppm relative to 85% H3P04 as an external 
standard. Triethylphosphate was used as an internal standard. lH and 13C nmr spectra 
were recorded with a JOEL FX-200 or a Varian VXR-500 spectrometer in D20 / H20 
using NaTPS as an internal standard. Electronic spectra and kinetic traces were recorded 
using a Hewlett Packard HP 8450A diode array spectrophotometer fitted with a 
thermostatted cell holder or with a Cary 118C spectrophotometer also thermostatted. pH 
measurements were carried out with a Radiometer PHi\t1 26 pH meter calibrated using 
standard buffers and G202C glass and K4122 calomel electrodes. IR spectra were 
recorded with a Perkin Elmer PE 1800 FTIR spectrophotometer fitted to a PE 7500 
professional computer with Irdis operating systems and CDS IR application software. 
Samples were prepared as 13 mm KBr discs. pKa measurements were carried out with an 
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Activon 108 pH meter and the data processed using the computer program 
SUPERQUAD.7 Mass spectra were obtained with a VG MS7070 mass spectrometer. 
Biochemical analysis of urea was carried out using a Beckman Astra 8 Conductivity 
electrode. All evaporations were carried out on a rotary evaporator at -20 Torr such that 
the temperature of the solutions did not exceed 25°C. 
2.2.2 Syntheses. 
[(NH3)5CoOP03] 3H20 ,8 trans[(py)4C0Cl2]CI.6H20,9 dilithium carbamoyl 
phosphate,10,ll ammonium carbamate,12 [(en)2CoC03]Cl,13 [(NH3)5CoC03](Cl04)214 
and [(NH3)5CoOCONH2](Cl04)215 were synthesized according to published procedures. 
[(NH3)5CoOP03CONH2](CI04) 
[(NH3)5CoOP03]1 3H20 (0.55 g) and NaO~N .(1.3 g) were dissolved in a solution 
of acetic acid (20 ml, 3M) and the reaction allowed to proceed for 45 minutes at 20°C. The 
reaction mixture was diluted to 80 ml with water and the pH adjusted to -3 with acetic acid. 
The resulting solution was adsorbed on a cation exchange S-Sepharose column which had 
previously been washed with an aqueous solution of acetic acid (pH 3). The column was 
eluted with a 0.1 M solution of NaCl04 adjusted to pH 3 with acetic acid. The eluate 
containing the first band off the column was concentrated and the desired product obtained 
by precipitation with ethanol. The crude product was recrystallized by dissolution in cold 
water and reprecipitation with cold ethanol. The deep pink solid was washed with ether 
and dried under vacuum. (Yield 70%). Analysis calculated for CH11N6ClCo09P: C, 
3.14; H, 4.48; N, 21.97; Cl, 9.27; Co, 15.41; P, 8.10. Found: C, 3.1; H, 4.7; N, 21.9; 
Cl, 9.0; Co, 15.5; P, 8.0%~3C nmr spectrum (pH 5): 158.03 (s). 31P{H} nmr spectrum 
(pH 5): 4.60. Electronic spectrum (A,E)max: 520, 72 M-1 cm-1; 362, 65 M-1 cm-1. pKa = 
2.12 + 0.02. for complex acid .,. 
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Tris(3-aminopropyl)amine tetrahydrochloride monoh ydrate. 
trpn.4HCI.H20 
The trpn ligand was synthesized as reported 16 but purified by ion exchange 
chromatography. This gave increased yields (75%-80%). Typically, the reaction mixture 
obtained after hydrogenation was filtered to remove the catalyst and the ethanol in the 
mixture was evaporated. The resulting solution was diluted (x 10) with water, acidified to 
pH 2 with HCl and sorbed on a Dowex 50W-X2 (H+) column. The product was eluted 
with 2 M HCl and the hydrochloride salt was obtained on evaporating this solution to 
dryness. The ligand thus obtained was used directly to synthesize the respective Co(III) 
complexes on treatment with an appropriate base. Analysis calculated for C9H30N4C40: 
C, 30.69; H, 8.59; N, 15.91. Found: C, 30.7; H, 8.4; N, 15.8 %.1 H nmr spectrum: 2-3.5 
(complex multiplets). 13C nmr spectrum: 24.2, 39.1, 52.7. 
Cis-(tris(3-aminopropyl)amine)dichlorocobalt(III) chloride. 
cis[(trpn)C0CI2]CI 
NaOH (0.63g) was added to a solution of trpn.4HC1 (1.34 gin 5 ml methanol) and 
the resulting precipitate filtered off. A methanolic solution of trans[(py)4C0Cl2]CI.6H20 
(2.3 g in 50 ml) was added slowly with stirring, to the above solution. The deep green 
product was filtered off, washed with cold ethanol and ether and dried under vacuum. 
(Yield 62%). Analysis calculated for C9H24N4Cl3Co: C, 30.57; H, 6.84; N, 15.84; Cl, 
30.08; Co, 16.67. Found: C, 31.0; H, 6.9; N, 15.4; Cl, 29.8; Co, 16.7.%,, 
Cis-(tris(3-aminopropyl)amine)ditriflatocobalt(III) triflate dihydrate. 
cis[(trpn)Co(CF3S 03)2] CF3S03.2H20 
[(trpn)C0Cl2]Cl (0.5g) was added slowly to stirred anhydrous triflic acid (10 ml). 
The solution was heated at 40°C and dry nitrogen bubbled through it till the evolution of 
HCl had ceased. (The effluent gas was monitored by passing it through a solution of 
AgN03). The purple solution was cooled to 25°C and added dropwise to a stirred solution 
of dry ether (250 ml) at 0°C. The product was filtered off, washed with dry ether and dried 
39 
under vacuum over P205. (Yield 95%). Analysis calculated for C12H28N4C0F9011S3: C, 
19.73; H, 3.86; N, 7.67; Co, 8.07; F, 23.41. Found: C, 19.9; H, 3.8; N, 7.6; Co, 8.0; 
F, 22.8 % , 
2.2.3 Kinetic Studies. 
A preliminary kinetic study of the hydrolysis of [(NH3)5CoOP03CONH2](Cl04) 
was conducted using 31p nmr spectroscopy. Typically, reaction mixtures of 0.05 M 
complex in 1 M buffer solutions at 25°C were monitored as a function of time. The rate 
constants of the reactions were estimated using integrated signals corresponding to the 
starting material and the product. 
A more extensive kinetic study was carried out using uv/vis spectroscopy. 5-15 mg 
of the complex was dissolved in 1.5 M buffer solutions (2 ml) at 25°C and the reaction was 
monitored by observing the change in absorbance at either 320 nm or at 520 nm over a 
period of five half lives. The ionic strength of the buffer solutions was maintained at 1.0 M 
with NaCl04. The buffer strength effect was investigated using 0.5 Mand 1 M buffer 
solutions. 
A stopped-flow apparatus was used to study the hydrolysis of the complex at higher 
pH. The reaction was initiated by mixing equal volumes of the two solutions thermostatted 
at 25°C. In a typical run, 125 mg of the complex dissolved in 25 ml water, acidified to pH 
2-3 with HCl04, was mixed with a buffer solution at the desired pH but of twice the 
desired concentration. The ionic strength of both solutions was adjusted to 1.0 M with 
NaCl04. The pH of the reaction mixture was measured after each kinetic run. The data 
from the uv/vis experiments followed a single exponential decay and the rate constants 
were determined using the computer program LSTSQR.17 
2.2.4 Product Identification. 
The phosphorus containing product formed on hydrolysis of 
[(NH3)5CoOP03CONH2](Cl04) in the pH range 1-11 was identified by its 31p nmr 
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chemical shift. Authentic [(NH3)5CoOP03] was added to the series of reaction mixtures 
and further nmr spectra recorded. 
The hydrolysis of the complex and NaOCN in 1 M citrate (pH 3), acetate (pH 4, 5), 
HEPES (pH 7) and CHES (pH 9) buffers and in dilute NaOH solution at pH 11 was 
monitored by 13C nmr spectroscopy at 25°C. 
[(NH3)5CoOP03CONH2](Cl04) (200 mg) was dissolved in a roinimum volume of 
water (-2 ml) and 25% w/w ammonium hydroxide added (1 ml) until no further 
precipitation occurred. The precipitate was filtered off and the filtrate rapidly evaporated to 
dryness. The residue obtained was dissolved in a dilute NaOH solution containing 20% 
D20 and a series of 13C nmr spectra of the sample were recorded at 5°C and at 25°C. 
(Acquisition parameters: acquisition frequency 125.7 MHz, spectral width 25 KHz, no. of 
data points 32768, pulse angle 45°, pulse repetition time 3 s). Mass spectra were also 
obtained of the residue and authentic urea. The precipitate was dissolved in dilute NaOH 
and a 31p nmr spectrum recorded. An authentic specimen of [(NH3)5CoOP03] was added 
to the above sample and a further 31 P nmr spectrum obtained. 
A similar experiment was conducted to that described above, in which the 
ammonium hydroxide solution is replaced by 40% w/w methylamine. lH and 13C nmr 
spectra of the residue (at pH 10) were recorded at 5°C and at 25°C. The precipitate was 
characterized by 31 P nmr spectroscopy as described above. 
In control experiments, an equivalent quantity of NaOCN dissolved in a minimum 
volume of water was reacted with 25% w/w ammonium hydroxide (1 ml) containing an 
equivalent of NH4Cl, and with 40% w/w methylamine (0.5 ml) containing an equivalent of 
methylamine hydrochloride. The solutions were rapidly evaporated to dryness, the 
residues dissolved in dilute NaOH solution containing 20% D20 and the reactions were 
monitored by 13C rum spectroscopy at 5°C and at 25°C. lH nmr spectra of the residue 
obtained on reacting cyanate with methylamine / methylamine hydrochloride were recorded 
at 5°C and at 25°C. (Acquisition parameters: acquisition frequency 199.99 MHz, spectral 
width 2100 Hz, no. of data points 32760, pulse angle 90°, pulse repetition time 10 s). 
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A biochemical assay18 was also used to analyse for urea. Typically, 10 µl of the 
sample was injected into the urease reagent, and the rate of increase in solution conductivity 
monitored using a Beckman Conductivity Electrode. The samples were prepared as 
follows:-
i) A known weight of the complex was dissolved in a minimum volume of water 
and reacted with 25% w/w ammonium hydroxide. The precipitate which 
formed was filtered off, the filtrate rapidly evaporated to dryness and a series of 
solutions ranging from 0.003 M - 0.3 M prepared from the residue. 
ii) An equivalent quantity of NaOCN was dissolved in a minimum volume of 
water and reacted with 25% w/w ammonium hydroxide containing an 
equivalent of NI-4Cl. The residue obtained on evaporating the solution was 
diluted to give samples in the range 0.003 M - 0.3 M. 
The insµument was calibrated using 0.003 M - 0.03 M urea solutions. 
The complex was hydrolysed in dilute NaOH solution, the solution was then 
rapidly neutralized with acetic acid and the product precipitated with AgN03. After 
filtration the precipitate was dried under vacuum in the dark and analysed by IR 
spectroscopy. 
The complex was dissolved in a minimum volume of water and reacted with 25% 
w/w ammonium hydroxide. The precipitate which formed immediately was filtered off and 
the filtrate evaporated to dryness. An IR spectrum of the residue was then recorded. 
Silver salts of cyanate and carbonate were synthesized by adding AgN03 to 
neutralized (with HN03) solutions of NaOCN and NaHCD3 respectively. The precipitates 
were collected, dried under vacuum in the dark and analysed by IR spectroscopy. IR 
spectra of [ (NH3)5CoOP03] and urea were also recorded. 
2.2.5 Reaction of [(NH3)5CoOP03CONH2](CI04) with 
cis[ ( trpn)Co ( 0 H) ( 0 H2)] ( CIO 4)2. 
[(NH3)5CoOP03CONH2](Cl04) (0.025 M) was reacted with 
cis[(trpn)Co(OH)(OH2)](Cl04)2 (0.025 M and 0.10 M) in 1 M buffer (pH 7, 
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HEPES/NaOH) at 25°C and the reactions monitored by 31 P nmr spectroscopy. 
[(NH3)5CoOP03CONH2](Cl04) and [(NH3)5CoOP03] were added to these reaction 
mixtures and further 31 P nmr spectra recorded. 
The following solutions (1 ml) were quenched with KCN (0.5 g) and a trace of 
Co(Cl04)2.6H20. 
i) Li203POCONH2 (0.025 M) in 1 M buffer (pH 7, HEPES / Na OH) after 10 
minutes. 
ii) Li203POCONH2 (0.025 M) and excess cis[(trpn)Co(OH)(OH2)]2+ after 
reaction in 1 M buffer (pH 7, HEPES / NaOH) for 10 minutes. 
iii) [(NH3)5CoOP03CONH2](Cl04) (0.025 M) in 1 M buffer 
(pH 7, HEPES / NaOH) after 10 minutes. 
iv) [(NH3)5CoOP03CONH2](Cl04) (0.025 M) and cis[(trpn)Co(OH)(OH2)]2+ 
(0.025 M and 0.10 M) after reaction for 10 minutes in 1 M buffer 
' 
(pH 7, HEPES / NaOH). 
The quenched mixtures were rapidly filtered and integrated 3Ip nmr spectra of the 
filtrates recorded. 
An integrated 3Ip nmr spectrum of Li203POCONH2 in pH 7 buffer was also 
obtained. 
[(NH3)5CoOP03CONH2](Cl04) (0.15 M and 0.2 M) was reacted with 
cis[(trpn)Co(OH)(OH2)]2+ (0.3 M and 0.2 M respectively) in 1 M buffer (pH 7, 
HEPES/NaOH) and the reactions were monitored by 13C runr spectroscopy. 
[(NH3)5CoOP03CONH2](Cl04) (0.15 M) was reacted with 
cis[(trpn)Co(OH)(OH2)]2+ (0.3 M) in 1 M buffer (pH 7 , HEPES / NaOH) for -30 
minutes. Ammonium carbamate and scxlium carbonate were added to the reaction mixtures 
and 13C nmr spectra recorded. 
13C nmr spectra of the following were also recorded (unless otherwise stated) in 
1 M buffer (pH 7, HEPES/NaOH). 
i) [(NH3)5CoOP03CONH2](Cl04) 
ii) ammonium carbamate 
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iii) ammonium carbamate (0.15 M, 0.2 M) and cis[(trpn)Co(OH)(OH2)]2+ (0.3 M 
and 0.2 M respectively) after 1 hour 
iv) Li203POCONH2 
v) Li203POCONH2 (0.15 M) and cis[(trpn)Co(OH)(OH2)]2+ (0.3 M) after 1 
hour 
vi) Na2C03 
vii) [(en)2CoC03]Cl (at pH 7 ~d 10) 
viii) [(NH3)5CoC03](Cl04)2 
ix) [(NH3)5CoC03]2+ (0.15 M) and cis[(trpn)Co(OH)(OH2)]2+ (0.3 M) over 3 
hours 
x) [(NH3)5CoOCONH2]2+ (0.15 M) and cis[(trpn)Co(OH)(OH2)]2+ (0.3 NI) 
over 3 hours 
xi) NaOCN 
xii) NaOCN (0.2 M) and cis[(trpn)Co(OH)(OH2)]2+ (0.2 M) 
2.3 RESULTS and DISCUSSION 
2.3.1 Syntheses. 
[(NH3)5CoOP03CONH2](Cl04) was synthesized by reacting [(l';TJ-l3)5CoOP03] 
with excess NaOCN in aqueous media at pH 4.5 and isolated by cation exchange 
chromatography. 
The complex displayed the predicted 3Ip nmr chemical shift of 4.5 ppm; 6 ppm downfie.Id 
from the free ligand, the magnitude expected for coordination of a basic phosphorus 
oxygen to a Co(IIn centre.19 It was also characterized by its visible and 13C nmr spectra 
and elemental analysis. 
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2.3.2 Kinetic Studies. 
Initially, the kinetics of the hydrolysis of [(NH3)5CoOP03CONH2](Cl04) 
were investigated by 31 P nmr spectroscopy (Figure 2.1 ). The rate constants for the 
process were determined at a variety of pH's and are given in Table 2.1. However, these 
values of kobs are only approximate as broadening of the signals with time made more 
accurate estimates difficult. 
Table 2.1 Rate Constants for the Hydrolysis of [(NH3)5CoOP03CONH2](Cl04). * 
,.-------------.-------------.----------~ 
pH Buffer kobs x l0-5 (s-1) 
1-----------------------------------1 
1.10 HCI04 4.3 
2.17 Citrate 1.7 
. 
2.85 Citrate 1.4 
3.98 Acetate 1.4 
5.07 Acetate 1.3 
6.37 MES 3.1 
7.03 HEPES 5.5 
8.01 HEPES 23 
9.30 CHES 330 
* Determined by 31p nmr spectroscopy, T = 25°C, 1 M buffer solutions. 
A more extensive investigation was carried out using uv/vis spectroscopy under 
pseudo first order conditions at 25°C. In the pH range 2 - 11 the reaction obeys the rate 
law:-
kobs = ko + k1 [OH-] 
where ko = 1.05(+ 0.06)x 10-5 s-1 and k1 = 1.89(+ 0.04}x 10-2 dm3mol-ls-1. The results 
from this study are depicted in Table 2.2 and in Figure 2.2 . 
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Figure 2.1 31p nmr spectra of the hydrolysis of [(NH3)5CoOP03CONH2](Cl04) in 
pH 7.60 buffer (IM HEPES) at 25°C. • triethylphosphate; 
a [(NH3)5CoOP03CONH2](Cl04); b [(NH3)5CoOP03]. 
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Table 2.2 Rate Constants for the Hydrolysis of [(NH3)5CoOP03CONH2](Cl04). * 
pH Buffer kobs x lQ-3 (s-1) 
1.10 HCI04 0.048 (+ 0.002) 
2.11 Citrate 0.011 (+ 0.001) 
4.21 Acetate 0.012 (+ 0.001) 
5.03 MES 0.019 (+ 0.001) 
6.07 PIPES 0.036 (+ 0.001) 
6.90 HEPES 0.065 (+ 0.002) 
7.60 HEPES 0.221 (+ 0.006) 
7.86 HEPES 0.299 (+ 0.009) 
8.14 TRIS 0.42 (+ 0.01) 
8.55 TRIS 2.25 (+ 0.07) 
8.76 CHES 3.4(+0.l) 
9.05 CHES 5.1 (+ 0.2) 
9.47 CHES 6.6 (+ 0.2) 
9.79 CHES 28.5 (+ 0.9) 
10.60 CAPS 177 (+6) 
11.20 CAPS 610 (+ 20) 
9.70 1 M NH40H / NH4Cl 29.5 (+ 0.9) 
9.70 2 M NH40H I NH4Cl 31.2 (+ 0.9) 
* Determined spectrophotometrically at either 320 nm or at 520 nm, T = 25°C, µ = 1.0 M 
(NaCl04). 
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Figure 2.2 Plot of Log kobs vs pH for the hydrolysis of 
The rate is independent of buffer concentration, which is indicative of the absence 
of general acid or base catalysis. However, specific hydronium and hydroxide ion 
catalysed reactions were observed below pH 2 and above pH 8 respectively. An acid 
catalysed path is implied by the increase in rate observed at pH -1 (kobs = 4.8 x lQ-5 s-1 at 
25°C) following the non-catalysed reaction (ko = 1.05 x lQ-5 s-1 at 25°C). A more detailed 
investigation of this region was limited by the very small absorbance changes observed. 
Similar kinetics were observed with the free ligand.3.4 For the acid catalysed 
reaction, Halmann et ai.3 report a rate constant of 3.1 x 10-4 dm3mol-ls-1 at 25°C, µ = 
3.0 M. They also found the rate to be proportional to the hydroxyl ion concentration at pH 
> 10. Comparing the observed rate constants of coordinated and uncoordinated carbamoyl 
phosphate at pH 11, 25°C a rate enhancement of -2 x 103 is obtained by coordination of 
the substrate. This rate difference diminishes to almost zero at very low pH. 
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2.3.3 Product Identification. 
[(NH3)5CoOP03] is the sole phosphorus containing product formed on hydrolysis 
of [(NH3)5CoOP03CONH2](Cl04) in the pH range 1-11. This species was characterized 
by 31p nmr spectroscopy with a chemical shift of 10-13.5 ppm depending on the pH. The 
assignment was confirmed by the increase in signal intensity observed on addition of an 
authentic sample to the reaction mixtures. 
A number of mechanistic possibilities can be envisaged to account for the formation 
of [(NH3)5CoOP03] in the neutral to basic region:-
i) Attack by the nucleophilic species (OH- or H20) at the carbon centre giving rise 
to a tetrahedral intermediate which then decomposes to yield the observed 
product (Scheme 2.9). 
+ 
Scheme 2.9 
ii) Initial apical attack by the nucleophile (OH- or H20) at the phosphorus centre 
forming a trigonal bipyramidal intermediate, followed by decomposition of this 
intermediate through loss of the apical leaving group to the observed phosphate 
product (Scheme 2.10). 
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iii) Intramolecular nucleophilic attack by the coordinated amido ligand at the carbon 
centre to generate the observed phosphorus containing species (Scheme 2.11). 
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iv) Elimination occurring via C-0 oond rupture on deprotonation of the amide 
nitrogen (Scheme 2.12). 
0 0 l+ II II (NH3)5Co-O-P-O-C-NH2 I 
0 
0 0 
II II / (NH3)5Co-0-P-O-C-N·--H 
I ',oH 
0 
Scheme 2.12 
The identity of the phosphorus containing product excludes the possibility of 
mechanisms such as an intramolecular nucleophilic attack of amido ion at the phosphorus 
centre. since no phosphoramidate is produced. 
Thus, elucidation of the mechanism of hydrolysis relies to a degree on the 
identification of the non-phosphorus containing product(s) formed. 
Cyanate ion is the only carbon containing product formed in the pH range 4-11. 
This was inferred from the identical 13C nmr chemical shift and behaviour of the hydrolysis 
product of the complex to that of NaOCN, and was confirmed by IR spectroscopy. 
The cyanate signal at 130 ppm was observed in the 13C nmr spectra of the reaction 
mixtures in 1 M acetate (pH 4, 5), HEPES (pH 7), CHES (pH 9) buffers, and in dilute 
NaOH solution. Although the starting material at 158 ppm disappeared with time, no 
concurrent product formation was observed at pH 3. In CHES buffer (pH 9) the cyanate 
was converted to a species with a resonance at 162 ppm. This signal is believed to be that 
of the product from a nucleophilic reaction of the CHES buff er with cyanate. Reactions of 
this type are well documented.20-22 Furthermore, the similar behaviour of authentic 
cyanate ion under these conditions supports this assignment. 
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Although IR spectroscopy does not allow complete analysis of reaction 1nixtures, it 
proves an excellent technique for characterizing functional groups. The hydrolysis 
prcxiucts from the reaction of [(NH3)5CoOP0:3CONH2J(Cl04) in base were precipitated as 
the silver salts and analysed by IR spectroscopy. A reasonable approach to the IR data is to 
consider only the characteristic frequencies of the relevant species (carbonate, carbamate 
and cyanate) (Table 2.3) that may or may not be present depending on the path by which 
the reaction occurs. 
Table 2.3 Characteristic IR bands for relevant functional groups. 
Species Characteristic absorption 
bands ( cm-1) 
carbonates23 1490-1410 (s) 
880-860 (m) 
cyanates23 2105-2060 (s) 
[(NH3)5CoOP01]24 934 (m) 
980, 1030 (s) 
[(NH3.)5CoOP03]24 3200 (s) 
1430-1390 (s) 
The IR spectrum of the silver salt isolated after reacting the complex with NaOH 
also demonstrated that cyanate was produced on hydrolysis. The strong ab~orptio!} band 
observed at 2158 cm-1 is diagnostic of cyanate in this instance (Figure 2.3). J\Jso its 
spectrum and that of authentic AgNCO (Figure 2.4) coincide, differing only by the 
presence of broad absorption bands in the regions 3200 cm-1, 1380 cm-1 and 1000 cm-1 
arising from vibrational modes of the contaminant [(NH3)5CoOP03]. The results of the IR 
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Figure 2.3 IR spectrum of the silver residue isolated on reacting 
[(NH3)5CoOP03CONH2](Cl04) with NaOH at pH 10. 
-1· 
4000 3S80 300.0 2500 2000 IS00 10~0 CM-I 500 
Figure 2.4 IR spectrum of AgNCO 
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study are consistent with those of the 13C nmr spectroscopic study, i.e. cyanate is the only 
non-phosphorus containing species formed on hydrolysis of the complex in base. 
All attempts to synthesize silver carbamate for comparison with the silver species 
isolated from the reaction mixture proved unsuccessful. Ag2C03 was the sole product 
isolated from these experiments. This is perhaps not surprising in view of the complicated 
pH dependent equilibrium that exists between carbonate and carbamate. Since similar 
procedures were used in the attempted synthesis of the carbamate and the isolation of the 
silver species from the reaction mixture, any carbamate present in the reaction mixture 
would be converted to carbonate and isolated as such. None was detected. 
Since cyanate is the single non-phosphorus containing species produced on 
hydrolysis of the complex in the pH range 4-11, only elimination appears to occur under 
these conditions. Thus, chemical decomposition of the comp~ex by hydroxide ion or water 
is simply a reversal of its formation, no other bond cleavages appear to occur even at high 
pH. 
However, this may not be so for other nucleophiles such as amines which could 
mimic aspects of the biological reactions introdu<fed earlier. The carbamoyl phosphate 
con1plex was therefore reacted with ammonia and methylamine. The rationale was that 
transfer of the carbamoyl group would result in urea and N-methyl urea respectively. Other 
possible carbon containing products are carbamate, carbonate and cyanate, generated via 
intermolecular nucleophilic reaction of the amines at the phosphorus centre, intramolecular 
attack by the coordinated a1nido ion on the carbonyl group and elimination respectively 
( Scheme 2.13 ). 
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The 13C nmr spectrum at 25°C, of the residue obtained on reacting the complex 
with ammonia, identified urea as the single carbon containing species present. This 
assignment was based on the observed chemical shift of 164 ppm in base, and confinned 
by the increase in signal intensity obtained on addition of an authentic sample of urea to the 
reaction mixture. The mass spectrum of the residue further substantiated this assignment; 
m/z 60 (40%), 44 (100%) and 43 (27%) (only m/z values of intensity greater than 2% are 
reported) are attributed to H2N-CO-NH2+, H2NCO+ and lli~CQ+ respectively. The mass 
spectral fragmentation pattern obtained is similar to that of authentic urea. 
Methylamine was also used as a nucleophile, and in this case lH nmr spectroscopy 
could be used to identify the reaction products. The 1 H nmr spectrum of the residue, 
obtained from reacting the complex with methylamine, was composed of signals at 2.70 
ppm and 2.59 ppm. The signal at 2.70 ppm was assigned to N-methyl urea and the 
assignment~confinned with an authentic sample. Methylamine hydrochloride gave rise to 
the signal at 2.59 ppm and served as an internal reference in the reaction for which a yield 
of -90% in N-methyl urea was derived by comparison of the two integrals (Figure 2.5). 
a 
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* 
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Figure 2.5 lH nmr spectrum of the reaction mixture of [(NH3)5CoOP03CONH2](Cl04) 
with methylamine (after excess methylamine has been removed under 
vacuum). Acquisition parameters as per text * NaTPS; a methylamine 
hydrochloride; b N-methyl urea. 
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The apparent implication of these results is that hydrolysis occurs via nucleophilic 
reaction at the carbon centre and thus models the biological processes. However, cyanates 
also react with ammonium ions/alkyl ammonium ions to give the corresponding ureas.20-22 
NCO- + NRR1~+ __ ____...,_ NRR1CONH2 
where R, R1 = Hor alkyl group 
This possibility had to be considered as an intermediate process in the present reaction since 
cyanate is a product in aqueous hydroxide. In the present context it becomes critical to 
explore the reactivity of cyanate ion towards nucleophiles such as ammonia and 
methylarnine. Be nmr spectroscopic studies of NaOCN with ammonia and methylarnine 
under the same conditions as those used in the hydrolysis of the complex revealed that urea 
and N-methyl urea are indeed produced. The question then is, does the complex react via 
the NCO- elimination or directly with the amine? 
Clearly, early identification of the hydrolysis products is critical. It is also essential 
to minimize any subsequent reaction in solution. A combination of techniques, low 
temperature nmr spectroscopy, bioassay and IR spectroscopy were employed to identify 
the carbon containing products. 
13C nmr spectroscopic studies at 5°C on the residue obtained by reacting the 
complex with ammonia clearly demonstrate that urea is formed subsequently. The initial 
spectrum consists of a single signal at 130 ppm due to cyanate. This signal disappears and 
is replaced by a signal at 164 ppm attributed to urea. 
13C and lH nmr spectroscopic studies at 5°C using methylamine instead of 
ammonia also indicate that the ureas are formed subsequently. · However, the two 
nucleophiles show markedly different reactivities. In contrast to the situation with 
ammonia, where cyanate is the only species observed initially, both cyanate and N-methyl 
urea are seen in the analogous reaction with methylamine; the four signals at 27.40 ppm, 
29.11 ppm, 130 ppm and 165 ppm observed in the initial 13C nmr spectrum were assigned 
to the methyl carbons of methylamine hydrochloride, N-methyl urea, cyanate ion and the 
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carbonyl group of N-methyl urea respectively. These assignments were confirmed with 
authentic samples. 
The formation of both cyanate and N-methyl urea implies that:-
i) the reactivity of methylamine towards cyanate is greater than that of ammonia, 
or 
ii) the reaction with ammonia occurs by elimination, while both elimination and 
nucleophilic reaction at the carbon centre contribute to the reaction \vith 
methy lamine. 
In order to resolve this ambiguity, a control experiment involving the reaction of 
N aOCN with methylamine was carried out. This proved conclusive; a similar quantity of 
N-methyl urea was produced in both instances. The inference, therefore, is that 
methylamine is more reactive than ammonia towards NCO-. This is consistent with the 
observations of other workers. 20,21 The reason for this difference in reactivity is the 
subject of some controversy. Some workers attribute it to the base strength of the amines22 
while others believe that the ability of the amine to stabilize the transition state dominates.21 
It remains unresolved at present. 
The results of the low temperature 1 H nmr study of the residues obtained from 
reacting the complex and NaOCN with methylamine are also consistent with subsequent 
formation of N-methyl urea. However, a comparison of the integrals of the signals 
corresponding to N-methyl urea and methylamine hydrochloride show that only -10% 
N-methyl urea is formed under these conditions in contrast to the study at 25°C, where 
-90% N-methyl urea was produced over the same time interval . 
The IR spectroscopic study of the residue obtained from reacting the complex with 
ammonia, followed by rapid removal of residual ammonia, also provides some evidence 
that hydrolysis occurs by elimination. This is implied by the presence of the cyanate 
absorption at 2170 cm-1. No urea was detected in this residue by IR spectroscopy25 or by 
the more sensitive biochemical assay18 after rapid dissolution and analysis. Also, the rates 
of hydrolyses were independent of the concentration of ammonia at a given pH (Table 2.2). 
This too is consistent with an elimination mechanism triggered by OH- rather than with 
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nucleophilic reaction of NH2R at the carbonyl centre. The effect of the metal ion is to 
neutralize the charge on the carbamoyl phosphate and make the deprotonation of the 
nitrogen more accessible. 
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All the evidence, therefore, points to an elimination mechanism for the hydrolysis 
and thus the non-enzymic reactions do not model the carbamoyl transfer reactions observed 
in biological systems unless they also occur by an elimination path via cyanate ion as a 
transient intermediate. 
2.3.4 Reaction of [(NH3)5CoOP03CONH2](CI04) with 
cis[ (trpn)C o( 0 H) ( 0 H2)] ( CI 04)2. 
In order to change the reactivity pattern and to see higher reactivity with carbamoyl 
phosphate, it needs to be activated in a different manner. One route to do this might be to 
add more metal ions to [(NH3)5CoOP03CONH2]+ in analogy to previous studies.26 To 
explore this possibility, [(NH3)5CoOP03CONH2]+ was treated wi th 
cis[(trpn)Co(OH)(OH2)]2+. The reason for using the Co(ill)hydroxoaqua complexes is 
that they are known to bind the substrate (by dissociation of coordinated water) to generate 
an intramolecular nucleophile (Co(III) bound OH-) which is then able to attack adjacent 
sensitive centres as shown for example, in Schemes 2.14 and 2.15. 
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/ 
13+ 
/ 
+ 
+ 
Scheme 2.15 
The only phosphorus containing product formed on reacting 
[(NH3)5CoOP03CONH2](Cl04) with cis[(trpn)Co(OH)(OH2)]2+ was a species that had a 
resonance at 33 ppm. (In the reaction with equivalent amounts of the complexes, a signal 
at 3.5 ppm, corresponding to -50% unreacted starting material was also observed). 
to one of 
By applying the additivity rules19 the resonance at 33 ppm was attributed"-two 
species, namely 2.1, formed by cleavage of the carbamate (Scheme 2.14) or carbonate 
(Scheme 2.15) from the starting material, and 2.2 generated simply by addition of a mole 
of the Co(III) reagent to the substrate. 
2.1 2.2 
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In an attempt to distinguish between these two molecules, a quenching method was 
used. KCN I Co(Cl04)2 were the reagents. This reagent mixture leads to [Co(CN)6]3- ion 
via a complex set of substitution and redox reactions triggered by [Co(CN)6]4- or 
[Co(CN)6]5-, powerful reductants which reduce the coordination inert Co(ill) ions to the 
more labile Co(II) species and allow CN- to substitute readily. Production of the very 
stable [Co(CN)6]3- ion is likely via CN- bridge transfer redox reactions. Release of the 
uncomplexed phosphate ligands into solution results. Thus, the molecules 2.1 and 2.2 
would yield phosphate and carbamoyl phosphate respectively. Phosphate is also produced 
on hydrolysis of carbamoyl phosphate in basic conditions. In order to explore this 
possibility, control experiments were conducted using Li203POCONH2 and the quenching 
reagents. 
The results of the quenching experiments clearly demonstrated that the signal at -33 
ppm arose from the species 2.1. 
i) only a signal at 3.7 ppm attributed to phosphate was observed in the quenched 
reactions of [(NH3)5CoOP03CONH2](Cl04) with excess trpn reagent. 
ii) a 1 : 1 ratio of phosphate (at 3.7 ppm) and carbamoyl phosphate (at -1.1 
ppm) was observed in the quenched sample of 
[(NH3)5CoOP0:3CONH2](Cl04) with an equivalent of the trpn reagent 
iii) carbamoyl phosphate was not affected significantly by the quenching process in 
the time span of the experiment. 
Further to this, when [(NH3)5CoOP03] was added to a reaction mixture of 
[(NH3)5CoOP03CONH2](Cl04) and excess cis[(trpn)Co(OH)(OH2)]2+ in pH 7 buffer, 
only a single signal was observed at 33 ppm, also implying that 2.1 is the immediate 
product. 
This species could arise by:-
i) intramolecular nucleophilic attack of OH- at the the phosphorus centre 
(Scheme 2.14) or 
ii) intramolecular nucleophilic reaction of OH- at the carbon centre (Scheme 2. 15). 
61 
;, 
In order to distinguish between these two possible pathways, 13C nmr spectroscopy 
was used. 13C nmr spectroscopy would also further clarify the results obtained from the 
31 P runr study; the carbonyl resonance of substrate bound carbamate 2.2 was anticipated to 
differ from that of free carbamate / carbonate (produced by the reaction yielding 2.1). 
This study could possibly be complicated by the following reactions:-
i) carbamate and carbonate binding to the Co(III) trpn reagent. 
ii) carbamate being convened to carbonate and cyanate. 
Such possibilities had to be explored and therefore, Be nmr spectra of these related 
species were also obtained. The results of these 13C nmr studies are summarized in Tables 
2.4 and 2.5. 
Table 2.4 13C nmr Spectra of Related Species in pH 7 Buffer (HEPES / NaOH). 
(unless otherwise stated).* 
~----------------...----------~ 
Species Chemical shift (ppm) 
[ (NH3)5CoOP03CONH2]+ -159 
NI-40CONH2 -163 
NI-40CONH2 + cis[(trpn)Co(OH)(OH2)]2+ -170 
Li203POCONH2 -159 
Li203POCONH2 + cis[(trpn)Co(OH)(OH2)]2+ -159 and-170 
Na2C03 -163 
[(en)2CoC03]+ -170 and-170 (pH 10) 
[(NH3)5CoC03] + -171 
NaOCN -130 
NaOCN + cis[(trpn)Co(OH)(OH2)]2+ -175 
* only the relevant signals are reported 
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Table 2.5 Results of the 13c nmr Study.* 
Reaction Observations 
i) [ (NH3)5CoOP03CONH2] (Cl04) (0.2 M) A signal was observed at -170 ppm initially 
and cis[(trpn)Co(OH)(OH2)]2+ (0.2 M) (30 min). A signal at -175 ppm appeared 
in 1 M buffer (pH 7, HEPES / NaOH). with time (-1 hr). 
I 
ii)[(NH3)5CoOP03CONH2](Cl04)(0.15M) as above 
and cis[(trpn)Co(OH)(OH2)]2+ (0.3 M) 
in 1 M buffer (pH 7, HEPES / NaOH). 
iii) Ammonium carbamate was added to (i) Signals were observed at -164 ppm and 
after 30 minutes. -170 ppm. 
iv) Sodium carbonate was added to (ii) after Signals were observed at -163 ppm and 
30 minutes. -170 ppm. 
v) [(NH3)5CoOCONH2]2+ (0.15 M) and Signals were observed at-170 ppm and 
cis[(trpn)Co(OH)(OH2)]2+ (0.3 M) in -175 ppm (30 min). 
1 M buffer at pH 7. 
vi) [(NH3)5CoC03] >+- (0.15M) 
and cis[(trpn)Co(OH)(OH2)]2+ (0.3 M) 
in 1 M buffer at pH 7. 
* only the relevant signals are reported 
as above 
The initial 13C runr signal corresponding to the carbonyl species formed on reacting 
[(NH3)5C00P03CONH2](CI04) with the trpn reagent appeared at 170 ppm. The carbonyl 
frequencies of Co(ill) bound carbamate and carbonate were also 170 ppm. 
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In an attempt to distinguish between these species, ammonium carbamate and 
sodium carbonate were added to reaction mixtures of [(NH3)5CoOP03CONH2](Cl0 4) and 
cis[(trpn)Co(OH)(OH2)]2+ and Be spectra obtained. However, the quality of the signal at 
170 ppm was poor and it was not possible to differentiate between coordinated carbamate 
and carbonate. 
The signal at 17 5 ppm observed in the reaction mixture of 
[(NH3)5CoOP03CONH2](Cl04) and cis[(trpn)Co(OH)(OH2)]2+ (after -1 hour) probably 
arises from a species such as 2.3, 2.4 or 2.5. 
,........ca(trpn)(OH) 
0 
II (OH)(trpn)Co-0-C-NH2 
13+ 
H 
/o, 
(trpn)Co Co(trpn) 
I I o, /0 
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13+ 
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O=C 
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0-Co(trpn) (OH) 
2.5 
This assignment was supported by the spectra of [(NH3)5CoOCONH2]2+ and 
[(NH3)5CoC03]2+ in the presence of cis[(trpn)Co(OH)(OH2)]2+. A resonance at 175 ppm 
was also obtained in these instances and presumably arises from 2.6 and 2.7 or 2.8 
respective! y. 
lo(trpn)(OH) 14+ 
0 
II (NH3)5Co-0-C-NH2 
2.6 2.7 
O-Co(NH3)5 13+ 
O=C/ 
"-0-Co(trpn)(OH) 
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Since the carbon product of the reaction could not be identified with certainty, a 
distinction between the two reaction paths, namely, intramolecular attack (by the bound 
hydroxide ion) at the phosphorus centre and that at the carbon centre could not be made 
with certainty. It remains for an I7Q or I8Q tracer study to discriminate between these two 
paths. 
However, attack at the phosphorus centre (Scheme 2.14) is the more likely 
pathway. Reaction at the carbon yields a stable six membered chelate and breakdown of 
this entity to yield the products would be hindered by chelation, whereas attack of 
Co-OH- at the phosphorus centre leads to exo-hydrolysis of the anhydride. 
Despite all these complications the study clearly shows enhanced reactivity for the 
carbamoyl phosphate residue using cis[(trpn)Co(OH)(OH2)]2+. The rate constant for this 
reaction is estimated to be> 10-2 s-1, which is an enhancement in rate of -200 relative to 
the free ligand. However it probably is not of the form which demonstrates carbamoyl 
transfer to another nucleophile. The carbamoyl phosphate ion is clearly rather unreactive 
for an anhydride and it is surprising that reaction paths shown in Schemes 2.16 and 2.17 
are not observed. The addition of another metal ion complex would be expected to enhance 
such reactions and the results obtained in this study support this. 
Scheme 2.16 Scheme 2.17 
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CHAPTER 3 
3.1 INTRODUCTION 
Organic phosphate esters containing five membered rings are hydrolysed - 1 Q7 fold 
faster than their acyclic analogues. I The origin of this rate enhancement has been explained 
on the basis that the ring structure destabilizes the phosphate ester, and stabilizes the 
activated complex or the phosphorane intermediate relative to the acyclic form.2 However, 
it remains unclear as to whether a similar mechanism is involved in enzymic pathways 
where four membered rings containing metal ions are formed. Numerous studies have 
been conducted in attempts to determine the origin of the extraordinary reactivity of metal 
ion catalysed enzymic processes in this area of chemistry. Proposals based on the presence 
of metal bound nucleophiles and induction of strain due to the formation off our membered 
chelates have been advanced to account for the rapid hydrolysis rates.3-5 Also some 
evaluation. of the efficacy of these features has been conducted with simple model 
compounds. For this reason, the reactivity of a series of phosphate ester complexes was 
explored. For example, hydrolysis of [4-nitrophenylphosphatopentaamminecobalt(III)]+, 
[2, 4-dinitropheny lphosphatopen taammineco balt(ill)] + and [ flurophosphatopen taammine 
cobalt(III)]+ in basic conditions yield significant amounts of -o~N02, -OC6fl3(N02)2 
and F- respectively6,7,8 (Scheme 3.1). 
These reactions occur via intramolecular attack of coordinated amido ion at the 
phosphorus centre. The aminophosphorane intermediate 3.1 thus generated decays on 
release of -oc6H4N02, -oc6H3(N02)2 or F- to the chelate phosphoramidate 3.2. 
However, the chelate phosphoramidate intermediate was on1 y observed for the system with 
the dinitrophenolate leaving group. In the other two instances, the observed product was 
the ring opened species 3.3 which arises from Co-0 bond rupture. 
Diester complexes may also hydrolyse by a similar mechanism, but the intermediate 
product of such a reaction would be the chelate phosphoramidate monoester. Such an 
intermediate has been observed9 on hydrolysis of [(NH3)5CoENPP]2+, but the chelate 
amidato ester ring opened, (via Co-0 bond rupture) without exocyclic hydrolysis of the 
ester group, to give the monodentate ethyl phosphoramidate. Following these results, 
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the behaviour of the more inert Ir(ID) complexes was explored to try to limit the metal 
ligand bond rupture and favour exocyclic bond cleavage. However, hydrolysis of the 
diester complexes [(NH3)5IrENPP]2+ and [(NH3)5IrBNPP]2+ also yielded the ring opened 
species 3.4 and 3.5 respectively. 9 
Nevertheless, in part the expectation of reactivity for the cyclic monoester complex 
was met because the ring opening reaction occurred at the P-0 bond and not at the Ir-0 
bond. Implicitly, this reflects enhanced hydrolysis of the chelate ring, but of an endocyclic 
nature in preference to exocyclic ester hydrolysis in the four membered ring. 
A system that generates an intermediate with1 a better leaving group, in a less 
strained ring system than that of the lr(III) chelate, may therefore induce some exocyclic 
cleavage at the phosphorus centre by a similar mechanism. For this reason, 
[(NH3)5CoBNPP]2+ was synthesized and its reactivity was explored. 
3.2 EXPERIMENT AL 
3.2.1 Reagents and Instrumentation. 
Analytical grade reagents were used unless otherwise stated. 31 P nmr spectra were 
recorded with a Varian VXR-300 spectrophotometer at 121.42 MHz. Chemical shifts were 
obtained in ppm relative to 85% H3P04 as an external standard. Triethylphosphate was 
used as the internal standard. I H nmr spectra were recorded with a Gemini-300 
spectrometer at 300.1 MHz with NaTPS as the internal standard. Chemical shifts (8 
positive downfield) are given relative to this standard in ppm. Electronic spectra and 
kinetic traces were obtained with a Hewlett Packard HP 8450A diode array 
spectrophotometer fitted with a thermostatted cell holder, with a Cary 118C 
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spectrophotometer fitted with a recirculating water bath or with an Applied photophysics 
model SF. l 7MV stopped flow spectrometer. pH measurements were carried out with a 
Radiometer PHM 26 pH meter calibrated using standard buffers and G202C glass and 
K4122 calomel electrodes. All evaporations were carried out on a rota.ry evaporator at - 20 
Torr such that the solution temperature did not exceed 25°C. 
3.2.2 Syntheses. 
[(NH3)5Co(CF3S03)](CF3S03)210-l2 and [(NH3)5CoNPP](Cl04)6 were 
synthesized according to published procedures. 
[(NH3)5Co(OP(O)(OC6H4N02)2)](CF3S03)2.([(NH3)5C0BNPP](CF3S03)) 
HOP(O)(OC6li4N02)2, BNPP (0.64 g) and 2,4,6-collidine (0.25 ml) were added 
to dry sulfolane (15 ml) and the solution warmed to -45°C. When the BNPP had 
dissolved, [(NH3)5Co(CF3S03)](CF3S03)2 (1 g) was added and heating continued for 5 
hours. The solution was then cooled to 25°C and washed repeatedly with ether. The solid 
residue thus obtained was dissolved in a minimum volume of acetone (10 ml), and the 
acetone solution added slowly, with stirring to H20 acidified to pH 2 with HCl (2 1). (The 
solution developed some cloudiness which persisted even on dilution). After absorption on 
a Sephadex SP-C25 column (Na+ form) previously equilibrated with water (pH 2), the 
product was eluted as the second band with 0.15 M NaCl (pH 2 / HCI). This fraction ~·as 
evaporated to 25 ml and kept at 0°C for 2-3 hours. The pink crystals formed were collected 
and dissolved in a minimum volume of water (pH -2). Sodium triflate was added to the ice 
cold solution and the crystals which f onned were filtered off, washed with ethanol and 
ether and dried under vacuum over P205. (Yield 53%). Analysis calculated for 
C14H23N7C0F6014PS2: C, 21.52; H, 2.97; N, 12.55; Co, 7.15; P, 3.96; S, 8.21. 
Found: C, 21.3; H, 3.2; N, 12.2; Co, 7.2; P, 4.3; S, 7.9%} H nmr spectrum (D20): 8.3 
(d) lH-H = 9 Hz. (4H); 7.3 (d) lH-H = 9 Hz. (4H); 4.2 (br) (12H). Cis NH3 probably 
obscured by HOD peak (4.9). 31p{lH} nmr spectrum (pH 8.8): -6.4 (s). Electronic 
spectrum (A,E)max: 518, 132 M-lcm-1; 320, 4.72 x 104 M-lcm-1; 242, 4.89 x 104 M-lcm-1. 
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3.2.3 Kinetic Studies. 
The initial step in the hydrolysis of [(NH3 )5CoBNPP] 2+ was fo llowed 
spectrophotornetrically at 400 nm by monitoring the release of 4-nitrophenolate ion over 
five half lives at 25°C. The reaction was initiated either by:-
i) adding 10 µl of a stock solution (prepared by dissolving 3-5 mg of complex in 
1 ml H20 acidified to pH 3) to a series of 1 M buffer/ hydroxide solutions 
maintained at µ = 1.0 M (NaCl). 
ii) mixing equal volumes of solutions of twice the desired concentration of the 
complex and buffer in a stopped flow apparatus. The ionic strength of the 
solution was maintained at 1.0 M (NaCl). The pH of the reaction mixture was 
measured on completion of kinetic measurements. 
In order to follow the second step, cooled solutions of complex (3 mg in 1 ml H20) 
and NaOH (0.5 ml, 1 M) were reacted at 0°C for 5-6 seconds. The reaction was then 
quenched with 1 M HCl (0.25 ml) and the solution diluted to 50 ml with water (pH -3). 
Aliquots of the solution were mixed with an equal volume of buffer i hydroxide solution of 
twice the desired concentration in a stopped flow apparatus and the reaction monitored at 
400 nm, 25°C over five half lives. The ionic strength of the solution was maintained at 1.0 
M (NaCl). The pH of the reaction mixture was measured on completion of kinetic 
measurements. 
The rate constants for the two steps were sufficiently different to allow the reactions 
to be treated independently. The data followed a single exponential decay in each instance 
and were processed via the least squares curve fitting program LSTSQR 13 or by a non-
linear regression method (Marquardt algorithm).14 The yield of nitrophenolate ion was 
determined from the final absorbance of the reaction mixture using a molar absorptivity of 
18,700 M-lcm-1 at 400 nm. 
The hydrolysis of the complex was also followed by 3lp nmr spectroscopy at 25°C. 
(Acquisition parameters: acquisition frequency 121.42 l\1Hz, spectral width 20 KHz, no. 
of data points 16384, pulse angle 90°, pulse repetition time 0.7 s). The chloride salt of the 
complex was generated by stirring a suspension of the triflate salt of the complex (0.025 
-, ,_ 
illl,; 
M) with Dowex AG 1-X8 (Cl- form) anion exchange resin in buffer/ hydroxide solution at 
the desired pH. The ionic strength of these solutions was maintained at 1.0 M (NaCl). 
The chloride salt of the complex (0.025 M) generated as described above, was 
reacted with:-
i) 1 M CAPS buffer containing 20% D20 at pH 10.5 (µ = 1.0 M, NaCl) 25°C, 
and an integrated 31 P nmr spectrum of the reaction mixture was recorded. The 
solution was cooled to 5°C and aliquots of NaOH (at 5°C) added to vary the 
pH. Integrated 31p nmr spectra of the resulting solutions were rapidly recorded 
at 5°C. 
ii) 1 M CHES buff er at pH 9 .5 
iii) 0.2 M NaOH at 25°C. 
Reaction mixtures (ii) and (iii) contained 20% D20, and were maintained at µ = 1.0 
M (NaCl). Integrated 31p nmr spectra of reaction mixtures (ii) and (iii) were recorded at 
25°C after one hour and five minutes respectively. Authentic [(NH3)5CoNPP]+ was added 
to these solutions and further integrated 31 P nmr spectra recorded at 25°C. 
A solution of NaOH at 5°C was added to a cooled solution of the chloride salt of the 
complex (generated as described above). The reaction was allowed to proceed for 5-6 
seconds and then quenched with HCI. A 31 P nmr spectrum of the resulting solution was 
rapidly recorded at 5°C. 
3.3 RESULTS 
[(NH3)5CoBNPP]2+ was synthesized by reacting [(NH3)5Co(CF3S03)](CF3S03)2 
and BNPP in sulfolane and purified by cation exchange chromatography. The complex 
was characterized by elemental analysis, lH nmr, 31p nmr and uv/vis spectroscopy. The 
31 P nmr spectrum of the complex showed the expected downfield shift of -6 ppm, relative 
to the free ligand.15 
Hydrolysis of the complex in the pH range 5-14 was followed 
spectrophotometrically at 400 nm and 25°C. The reaction proceeds in two steps, each 
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involving release of nitrophenolate ion. In the high pH region (pH> 12) biphasic kinetics 
were observed. However, the second step was significantly slower in this pH region, and 
the reactions could be analysed independently. The yield of nitrophenolate ion was 67 (+ 
1)% and 65 (+ 1)% for the first and second steps respectively. The pseudo first order rate 
constants for the loss of the first nitrophenolate group are given in Table 3.1. 
Table 3.1 Variation of Rate Constants with pH for Loss of the First Nitrophenolate 
Group on Hydrolysis of [(NH3)5CoBNPP]2+. * 
pH [OH-] M Buffer kobs x lQ-2 (s-1) 
9.00 --- CHES 0.0110 (+ 0.0003) 
9.56 --- CHES 0.030 (+ 0.001) 
' 9.90 --- CHES 0.069 (+ 0:003) 
10.54 --- CAPS 0.270 (+ 0.008) 
10.80 --- CAPS 0.44 (+ 0.02) 
11.10 --- CAPS 0.85 (+ 0.03) 
--- 0.05 --- 53 (+ 2) 
--- 0.10 --- 115 (+ 5) 
--- 0.25 --- 295 (+ 16) 
--- 0.50 --- 635 (+ 20) 
--- 0.75 --- 1004 (+ 30) 
--- 1.00 --- 1280 (+ 50) 
* Determined spectrophotometrically at 400 nm, T = 25°C, µ = 1.0 M (NaCl). 
This reaction obeys the rate law:-
v = k1 [[(NH3)5CoBNPP]2+][0H-] 
where k1 = 10.2 dm3mol-ls-1. 
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Below pH 12, the second nitrophenolate ion releasing step was much fas ter than the 
first (e.g. at pH 10.5, the rate constants for the fir st and the second steps were 2.70 x 10-3 
s-1 and 0. 10 s-1 respectively). Clearly the second steps could not be observed. However, 
more than one mole of nitrophenolate was released per mole of reactant (Table 3.2). 
Table 3.2 Percentage of Nitrophenolate Liberated on Hydrolysis of 
[(NH3)5CoBNPP]2+ as a Function of pH. 
pH Buffer % Nitrophenolate 
8.71 CHES 118(+1) 
9.56 CHES 119 (+ 1) 
10.14 CHES 122 (+ 1) 
10.80 CAPS 131 (+ lf 
11.10 CAPS 124 (+ 1) 
11.58 CAPS 125 (+ 1) 
I 
In order to follow the kinetics of the second nitrophenolate ion releasing step at the 
lower pH values, the intermediate had to be generated first, and then its hydrolysis 
monitored at 400 nm, 25°C. The pH rate profile of the intermediate consisted of a bell-
shaped curve function with a rate maximum -pH 8 (Figure 3.1). The pseudo first order 
rate constants for this process are given in Table 3.3. The pKa's were determined to be 
6.27 (+ 0.10) and 9.54 (+ 0.14). 
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Table 3.3 Variation of Rate Constants with pH for Loss of the Second Nitrophenolate 
Group on Hydrolysis of [(NH3)5CoBNPP]2+. * 
pH [OH-] M Buffer kobs (s-l) 
5.30 --- Acetate 0.30 (+ 0.01) 
5.78 --- :MES 0.37 (+ 0.01) 
. 
6.20 --- :MES 0.65 (+ 0.02) 
6.78 --- :MES 1.03 (+ 0.03) 
6.86 --- :MES 1.08 (+ 0.03) 
7.26 --- HEPES 1.28 (+ 0.04) 
7.79 --- HEPES 1.34 (+ 0.04) 
8.39 --- CHES 1.26 (+ 0.04) 
8.93 --- CHES 1.10 (+ 0.03) 
9.47 --- CHES 0.66 (+ 0.02) 
10.05 --- CAPS 0.27 (+ 0.01) 
10.57 --- CAPS 0.101 (+ 0.003) 
10.83 --- CAPS 0.049 (+ 0.001) 
--- 0.01 --- 0.035 (+ 0.001) 
--- 0.05 --- 0.029 (+ 0.001) 
--- 0.10 --- 0.028 (+ 0.001) 
--- 0.25 --- 0.029 (+ 0.001) 
--- 0.50 --- 0.028 (+ 0.001) 
--- 0.75 --- 0.027 (+ 0.001) 
--- 1.00 --- 0.030 (+ 0.001) 
* Determined spectrophotometrically at 400 nm, T = 25°C, µ = 1.0 M (NaCl). 
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31p nmr spectroscopy shows that at pH 10.5, the [(NH3)5CoBNPP]2+ complex 
hydrolyses to yield products giving rise to signals at -11.5 ppm, 6.5 ppm and 17 ppm. At 
higher pH only the species at -11.5 ppm and 6.5 ppm were observed. The product at -11.5 
ppm was identified as free BNPP by its chemical shift in the 31 P nmr spectrum. The 
assignment was confirmed by adding an authentic sample to the reaction mixture, and 
observing the corresponding increase in the signal integral. 
The signal at 17 ppm was assigned to the N,0-chelate phosphoramidate. The pH 
dependence of the chemical shift of this signal and its hydrolytic behaviour are the same as 
that observed previously:7 the chemical shift varied from 17-31 ppm depending on the 
hydroxide ion concentration, and was attributed to deprotonation of the bridging nitrogen 
centre. Hydrolysis of the chelate yielded N-bound monodentate phosphoramidate (6.5 
ppm). 
The reactant product signal at 6.5 ppm, cannot be assigned unambiguously to the 
N-bound phosphoramidate. [(NH3)5CoNPP]+, which is a possible hydrolysis product 
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arising from intermolecular attack by OH- on the diester (or from P-N bond cleavage in the 
chelate), is predicted to have a similar chemical shift. Such a product is observed in the 
Ir(III) chemistry under similar conditions.9 However, addition of authentic 
[(NH3)5CoNPP]+ to the reaction mixture containing the species at 6.5 ppm clearly 
demonstrated that [(NH3)5CoNPP]+ was not produced on hydrolysis. A separate signal 
corresponding to the added [(NH3)5CoNPP]+ was observed (6.4 ppm) in addition to the 
signal at 6.5 ppm. Therefore the signal at 6.5 ppm can be attributed to N-bound 
monodentate phosphoramidate. 
3.4 DISCUSSION 
3.4.1 Mechanism of Hydrolysis of [(NH3)5CoBNPP] 2+. 
Based on previous studies of related Co(III) systems6-9 the most likely route for the 
hydrolysis of the first nitrophenolate group in [ (NH3)5CoBNPP]2+ is via attack of a bound 
amido ion at the phosphorus centre of the diester complex (Scheme 3.2). 
The N,O chelate phosphoramidate monoester 3.10 would be the initial product of 
such a reaction after decay of the aminophosphorane diester intermediate 3.8. This 
pathway accounts for 67% of the reactant and the remaining 33% is accommodated by 
conjugate base dissociation of the phosphate diester (Scheme 3.2, path b) which does not 
react further under these conditions. This incidental path for ligand loss was not germane 
to the thrust of this thesis, and was not investigated further. It is however a common 
property of such Co(Ill) ammine complexes.16,17 
By analogy with previous studies,2 the arninophosphorane 3.8 is depicted as a five 
coordinate intermediate or activated complex with a trigonal bi pyramidal geometry. This 
path is either concerted or intermediate 3.8 is very short lived since no exchange with 
solvent H20 has been observed with the NPP complex.6 By implication, pseudorotation is 
unlikely, and apical entry of the amido nucleophile and departure of the alcohol are likely to 
prevail. 
78 
Orf 
3.6 
path a k1;/ 
3.8 
! 
3 .10 
3.11 
3.12 
3.13 
Scheme 3.2 
3.7 
T 
79 
path b 
\
k2 
3.9 
+ [{NH3)4CoNH2J2• i fast 
[{NH3)5Co(OH)12+ 
(NH,)41-1 T 
H2N-P,o I OC5H4N02 
OH 
3 .14 
t (NH3)41-1 T 
H2N-P,o I OH 
OC6H4N02 
3 .15 
/ 
The four membered chelate ring in the aminophosphorane is required to span apical-
equatorial positions in the trigonal bipyramidal intermediate or activated complex 3.8.2 
Therefore, the most likely structure for the aminophosphorane is that with an apical 
nitrogen, and a nitrophenol group placed apically, ready for expulsion. 
By analogy with the present study a concerted mechanism has been proposed18,19 for 
intramolecular amine addition to the diester as depicted in Scheme 3.3. 
+ 
Scheme 3.3 
In the present study, failure to observe the aminophosphorane intermediate is 
consistent with this pathway. However, it cannot be used to make an unambiguous choice 
between a concerted and a non-concerted process. It could merely be a reflection of the 
short life time of the intermediate. 
A concerted mechanism requires inversion of configuration at the phosphorus, 
whereas the intermediate path could allow pseudorotation and therefore at least partial 
retention of configuration in the phosphoramidate product. The lack of chirality in the 
starting complex precludes a distinction between retention and inversion of configuration in 
this instance, but for a complex where the two esterifying groups are different the issue 
could be probed since both the reactant and the chelate phosphoramidate ester product are 
chiral. Furthermore, in the absence of experimental observation of the aminophosphorane, 
the observed kinetics does not distinguish between the two proposed pathways. The first 
order dependence of rate on [OH]· is consistent with either process, so the issue of 
concertedness or intermediacy is still unresolved and an even better leaving group than that 
used here is required to sense the intermediacy if it exists. 
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Hydrolysis of the nitrophenolate group in 3.10 to give the N,O chelate 
phosphoramidate 3.13 proceeds in 97% yield. This step follows a bell shaped pH rate 
profile (Figure 3.1), which can be attributed to two deprotonated intermediates. 
Given the likely pathways for the initial step, the final N,O chelate phosphoramidate 
3.13 could arise from two possible processes:-
i) rapid intermolecular hydrolysis of the N,O chelate phosphoramidate monoester 
3.10 by OH-, or 
ii) rapid ring opening of 3.10 to give 3.11, followed by intramolecular attack of 
Co-OH- at coordinated NPP. 
Ring opening could occur by several routes. However, by analogy with related 
Co(ill) systems, the most likely path is through an SNl(CB) Co-0 bond rupture.4,6-8 To 
date, P-0 rupture has not been observed in preference to Co-0 rupture with the Co(III) 
complexes. Hydrolysis 9f the nitrophenolate group in 3.11 could then proceed via 
intramolecular attack of Co-OH- at the phosphorus centre. The aminophosphorane 3.12 
thus formed would decay to the N ,0 chelate phosphoramidate product 3.13. 
Alternatively, the release Qf nitrophenolate ion from 3.10 could occur by a similar 
mechanism to that of cyclic organic phosphate esters. By this mechanism, exocyclic P-0 
bond cleavage takes place and the ring structure is maintained. This requires 
pseudorotation in the aminophosphorane 3.14 generated initially by apical attack of OH- at 
the phosphorus centre of 3.10. The nitrophenolate group is then placed apically in the 
trigonal bipyramidal intermediate 3.15 and can be expelled. 
The pH rate profile observed for this step is consistent with a reaction involving 
3.11, but not with a reaction involving 3.14. Two deprotonations appear to be involved: 
the increase in kobs for the pH range 5-8 is ascribed to deprotonation of the aqua ligand 
(pKa 6.27 + 0.10), and the subsequent reduction in ~bs on further raising the pH is 
attributed to deprotonation of the phosphoramidate nitrogen (pKa 9.54 + 0.14). The latter 
effect reduces the electrophilicity of the phosphorus atom, and thereby reduces its ability to 
accept a nucleophile. 
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These assignments are supported by analogous Ir(III) chemistry,9 where the 
reactive intermediate 3.16 was actually observed by 31 P nmr spectroscopy. The kinetics 
of hydrolysis of this molecule also follow a bell-shaped pH-rate profile, and the pKa values 
for the species are 6.39 (+ 0.02) and 9.76 (+ 0.05) respectively. So the parallel between 
the two systems is clear. 
To put this study in perspective it is instructive to draw comparisons between the 
rate constants measured in this study and those of related studies. 
3.4.2 Free Ligand vs Complexed Ligand. 
Hydrolysis of the free ligand BNPP20 obeys a rate law which is first order in 
hydroxide, and has an overall second order rate constant of 1.3 (+ 0.1) x 10-s dm3mol-ls-1 
at 25°C, µ = 1.0 M. The release of nitrophenolate ion from BNPP is enhanced -106 fold 
on coordination to the (NH3)5Co- moiety. However, this apparent enhancement is 
increased when the effective concentration of intramolecular nucleophile is taken into 
consideration. Assuming that the pre-equilibrium step is established well before hydrolysis 
is advanced, (Scheme 3.2) the rate of loss of the reactant is given by the following 
equation:-
d[(CoBNPP)] = k [(CoBNPP) - H] + k [(CoBNPP) - H] (1) 
~ 1 2 
This assumption is justified as the exchange of amine protons on Co(III) complexes 
1s much faster than the hydrolysis rate observed, (usually > 104 dm3moI-ls-1 for 
monopositive ions at 25°C).21 
(k1 + k 2 )KJOH-] k =-------
obs Ka [OH-]+ Kw (2) 
(3) 
The pKa of coordinated ammonia for a dicationic species is -16.23 Since k2 << k1, the 
first order rate constant for attack of the amido ion on the phosphorus centre is estimated to 
be -1400 s-1, which approaches that of an enzymic system. 
The rate constants for the two systems are not directly comparable; the free ligand is 
hydrolysed by an intermolecular process with OH- as the nucleophile, while in the complex 
the nitrophenolate ion is hydrolysed by an intramolecular path with Co-NH2- as the 
nucleophile. However, a conservative estimate of the rate enhancement, allowing for the 
proportion of the nucleophile present, is in the order of -108. 
3.4.3 [(NH3)5CoBNPP]2+ vs [(NH3)5IrBNPP]2+. 
In 1 M NaOH, [(NH3)5CoBNPP]2+ is hydrolysed -103 fold faster than the 
analogous Ir(III) species. Rate enhancements of this magnitude have been observed 
previously for other related Co(III) / Ir(III) systems. 9 The slower rate for the Ir(III) 
systems is believed to arise from the increased distance between the intramolecular 
nucleophile and the substrate.24 The difference in pKa between the two species (16 and 17 
for ammonia coordinated to Co(III) and Ir(IlI) respectively)25,26 is insufficient to account 
for the rate enhancement.24 Furthermore, it would be offset to some degree by the 
difference in basicity of the two species, i.e. Ir-NH2- would be a better nucleophile than 
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3.4.4 [(NH3)4Co(OH )NH2P(0 )02C6H4N02] + vs 
[(NH3)4Ir(OH)NH2P(O )02C6H 4N O 2]+. 
At pH 8, the rate constants for intramolecular attack of OH- at the phosphorus centre 
in the Co(III) and Ir(III) complexes are 1.3 s-1 and 3.1 x 10-3 s-1 respectively, yielding a 
rate enhancement of -420. 
3.4.5 Monoester vs Di ester. 
The rate of cis bound amido ion attack at the phosphorus centre of 
[(NH3)5CoBNPP]2+ is -350 fold faster than that of the analogous monoester complex. 
The difference in reactivity presumably reflects the inherent electrophilicity of the 
phosphorus atoms in these systems if they are viewed as pseudo diesters and triesters 
respectively, once coordinated to the metal ion. Certainly there is no sign of a 
metaphosphate pathway with the coordinated monoester. 
3.4.6 Conclusions. 
The chelated phosphate monoester complex was not observed in spite of the 
increase in reactivity arising from coordination of the reactive diester to the Co(III) ion, and 
the enhanced capability of the leaving group. It seems an even better leaving group, 
possibly dinitrophenolate or trinitrophenolate ion will be required to see this entity. Even 
then the chelate ester may react by Co-0 bond rupture rather than by exocyclic hydrolysis 
of the chelate ester. 
However, these studies show large enhancements in rates of hydrolysis arising 
from coordination of the ester moiety, and rates approaching those observed in enzymic 
systems. They also display a facile phosphoryl group transfer from -oxygen to nitrogen 
using the metal ion as a template to hold the pieces together. In addition the work provides 
comparative data for monoester vs diester reactivity, and for the reactivity of Co(III) vs 
Ir(ID) analogues, all of which enhances our understanding of the possible roles for metal 
ions in such reactions. 
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.CHAPTER4 
4.1 INTRODUCTION 
Enzymic hydrolysis of P-0 bonds occurs many orders of magnitude faster than the 
uncatalysed reactions. Attempts to detennine the origin of these rate enhancements have led 
to the synthesis and hydrolytic studies of a variety of phosphate derivatives and phosphate 
complexes. The reactivity of phosphate monoester complexes arises from electrophilic 
activation of the phosphate ester and by the fact that the substrate and the nucleophile are in 
close proximity.1,2 A precedent for this is provided by hydrolytic studies of organic 
phosphates where, cyclic five membered esters hydrolyse up to 107 fold faster than their 
acyclic analogues. 3,4 This is attributed to the presence of the strained ring system which 
lowers the activation energy of the cyclic ester relative to that of the acyclic species. 
To date, all attempts to synthesize chelate phosphate monoester complexes from free 
monoesters have proved unsuc~essful: a series of dimeric species have resulte1 from such 
endeavours.5,6 An alternative strategy7 used in attempts to generate chelate monoester 
complexes involved intramolecular nucleophilic attack of a coordinated phosphodiester. 
Specifically, hydrolysis of the diester complexes cis[(en)2Ir(OH2)ENPP]2+ and 
cis[(en)2Ir(OH2)BNPP]2+ was investigated.7 For both complexes, deprotonation of the 
coordinated water produced the intramolecular nucleophile Co-OH-, which attacked the 
phosphorus centre of the phosphodiester. The phosphorane intermediate thus formed 
would be expected to decay to a chelate phosphate monoester complex. However, the 
chelate monoester was not observed in either case. In both instances, the observed product 
was a monodentate species, 4.1 formed via P-0 bond rupture of the strained chelate 
monoester intenuediate. 
The strained four membered ring might be less strained if the Ir(ill) ion was 
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replaced by the smaller Co(IID ion. The chelate intermediate might then be observed. For 
this reason, cis[(en)2Co(OH2)BNPPJ2+ was synthesized and its reactivity explored. 
A second reason for investigating this system was to clarify somewhat contradictory 
results arisjng from studies on metal ion promoted hydrolyses of phosphate esters. 
Specifically, cis[(en)2Ir(OH2)BNPP]2+ hydrolyses more rapidly7 than the corresponding 
monoester complex cis[(en)2Ir(OH2)NPP]+. However, the cis[(N4)Co(OH)(OH2)]2+ 
complex (N4 = (en)2 and trpn respectively) promoted rates of hydrolyses of the diesters 
BNPP8 and BDNPP9 were less (5-10 fold) than those of the corresponding monoesters. 
The conflicting values for the reactivities of the phosphate esters is surprising as similar 
reactive species are finally involved. Direct comparison of the hydrolytic behaviour of 
BNPP and NPP in the cis[(en)2Co(OH2)BNPP]2+, cis[(en)2Co(OH2)NPP]+, 
cis[(en)2Co(OH)(OH2)]2+ I BNPP, cis[(en)2Co(OH)(OH2)]2+ I NPP systems would help 
identify the features that govern ~e rates of these reactions. 
4.2 EXPERIMENT AL 
4.2.1 Reagents and Instrumentation. 
Analytical grade reagents were used uniess otherwise stated. 3Ip nmr spectra were 
recorded with a Varian VXR-300 spectrophotometer at 121.42 Nll-Iz. Chemical shifts were 
obtained relative to 85% H3P04 as an external standard. lH nmr spectra were recorded 
with a Gemini-300 spectrometer at 300.1 MHz with NaTPS as the internal standard. 
Chemical shifts (o positive downfield) are given relative to this standard in ppm. 
Electronic spectra and kinetic traces were obtained with a Hewlett Packard HP 8450A diode 
array spectrophotometer fitted with a thermostatted cell holder, with a Cary 118C 
spectrophotometer fitted with a recirculating water bath or with an Applied photophysics 
model SF.17MV stopped flovv spectrometer. pH measurements were carried out with a 
Radiometer PHM. 26 pH meter calibrated using standard buffers and G202C glass and 
K4122 calomel electrodes. All evaporations were carried out on a rotary evaporator at -20 
Torr such that the solution temperature did not exceed 25°C. 
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4.2.2 Syntheses. 
Cis[ ( en)2Co( CF3S 03)2] (CF3S 03) lO and cis[ ( en)2Co( OH2)NPPJ ( Cl 04) 1 were 
synthesized according to published procedures. 
cis[ (en)2Co(O H2)(0P(O )(OC6H 4N O 2)2) ]S20 6-H20 
(cis[(en)2Co(OH2)BNPP]S206.H20) 
HOP(O)(OC6fl4N02)2 (BNPP), (1 g) was dissolved in dry sulfolane (20 ml) with 
the addition of 2,4,6-collidine (0.35 ml). Cis[(en)2Co(CF3S03)2](CF3S03) (1.84 g) was 
added to this and the resulting solution heated at 50°C for 5 hours. The solution was 
cooled, repeatedly washed with ether, and the solid residue thus obtained dissolved in a 
minimum volume of acetone (15 ml). This acetone solution was added slowly, with 
stirring to water (21) acidified to pH 2 with HCL (A cloudiness resulted on addition of the 
acetone solution to water. This cloudiness persisted even on dilution). The aqueous 
solution was then sorbed on a Sephadex SP-C25 column (Na+ form) previously 
equilibrated with water (pH 2) and the product eluted with 0.2 M NaCl (pH 2). The 
desired product was contained in the second band off the column. The solution was 
evaporated to 50 ml and cooled at 4 °C for 3-4 hours. The pink crystals which formed were 
filtered off, dissolved in a minimum volume of water (pH 2) and the product reprecipitated 
as the dithionate salt on addition of Li2S206. The crystals were collected and dried under 
vacuum over P205. (Yield 68% ). Analysis calculated for C16H2sN6Co02PS2: C, 26.90; 
H, 3.95; N, 11.76; Co, 8.25; P, 4.34; S, 8.97. Found: C, 27.0; H, 3.8; N, 11.6; Co, 
8.4; P, 4.2; S, 8.3%lH nmr spectrum (pH 3): 8.3 (d) lH-H = 9 Hz (4H); 7.3 (d) lH-H = 9 
Hz (4H); 6.9-5.9 (8H); 2.9 (br) (4H); 2.6 (br) (4H). 3lp{ lH} nmr spectrum (pH 3.5) 
: -5.7 (s). Electronic spectrum (A, €)max : 502, 121 M-lcm-1; 305, ·11 x 103 M-lcm-1. 
4.2.3 Kinetic Studies. 
The kinetics of the hydrolysis of cis[(en)2Co(OH2)BNPP]2+ were followed 
spectrophotometrically at 400 nm by observing the rate of release of nitrophenolate ion 
from the complex. Typically, 10 µl of a stock solution (prepared by dissolving 5 mg of the 
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complex in 5 ml H20) was added to 1 M buffer/ hydroxide solution (2 ml) at 25°C and the 
change in absorbance at 400 nm monitored over five half lives. The ionic strength of the 
buffer I hydroxide solutions was maintained at 1.0 M with NaCL The buffer dependence 
of the reaction rate was investigated by addding the stock solution (10 µl) to 0.5 M buffers 
(2 ml) at 25°C, µ = 1.0 M (NaCl) and following the change in absorbance at 400 nm over 
five half lives. 
The faster reactions (first step of hydrolysis) were followed on a stopped flow 
spectrophotometer. A solution of the complex (5-10 mg dissolved in 100 ml H20 , 
thermostatted at 25°C) was mixed with an equal volume of buffer/ hydroxide solution also 
thermostatted at 25° C, of twice the desired concentration, and the change in absorbance at 
400 nm monitored over five half lives. The ionic strength of the solution was maintained at 
1.0 M with NaCl. The pH of the reaction mixture was measured at the end of each run. 
Hydrolysis of the complex occurred via two consecutive steps which had 
sufficiently different rates that"they could be considered independently. The data for the 
faster reaction were fitted by a non-linear regression method (Marquardt algorithm), 11 and 
that of the slower reaction processed via the least squares fitting program LSTSQR.12 The 
data gave good fits for single exponential decays. 
Hydrolysis was also followed by 31p nmr spectroscopy at 25°C. The chloride salt 
of the complex was used in order to obtain the concentrations required in this study. The 
chloride salt was generated by stirring a suspension of the dithionate salt (0.025 M) and 
Dowex AG 1-X8 (CI- form) resin in the appropriate buffer. The hydrolysis was carried out 
in 1 M acetate (pH 5.20), MES (pH 6.30), HEPES (pH 7.10), TRIS (pH 8.30), CHES 
(pH 9.10) buffers and in 0.1 M NaOH solution containing 20% D20 and an internal 
standard (triethylphosphate). Cis[(en)2Co(OH2)NPP](Cl04) was added to the reaction 
mixture at pH 5.20 and a further mnr spectrum recorded. 
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4.3 RESULTS 
Cis[(en)2Co(OH2)BNPP](S206 ) was synthesized by reacting 
cis[(en)2Co(CF3S03)2](CF3S03) with an equivalent of bis(4-nitrophenyl)phosphate 
(BNPP), purified by cation exchange chromatography and characterized by elemental 
analysis, 31p and lH nmr spectroscopy and uv/vis spectroscopy. The 31p nmr chemical 
shift observed was that expected for BNPP coordinated to a Co(III) centre in a 
monodentate mode.13 Only one signal was observed, consistent with the product being 
either cis or trans. The 13C nmr spectrum of the complex could not be obtained due to its 
reactivity and insolubility. However, its reactivity is consistent with it being the cis isomer 
and inconsistent with it being trans. 
The hydrolysis of the complex was followed by both uv/vis and 31 P nmr 
spectroscopy. Two consecutive nitrophenolate ion releasing steps were clearly evident 
from the spectrophotometric study. Presumably, the first step defines the hydrolysis of the 
starting complex while the second step represents the subsequent hydrolysis of the 
product(s) from the first step. The pH dependence on the rate of hydrolysis of the initial 
reaction is shown in Figure 4.1 and Table 4.1. 
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Figure 4.1 pH rate profile for the initial hydrolysis step of 
cis[(en)2Co(OH2)BNPP]2+ at 25°C, µ = 1.0 M (NaCl). The solid line was 
calculated using a pKa of 6.86 and a km of 0.18 s-1. 
91 
Table 4.1 Rate Constants for the Initial Step in the Hydrolysis of 
cis[(en)2Co(OH2)BNPP]2+. * 
pH Buffer kobs (s-1) 
5.30 Acetate 0.0040 (+ 0.0002) 
6.05 MES 0.023 (+ 0.001) 
6.30 MES 0.034 (+ 0.001 ) 
6.53 PIPES 0.061 (+ 0.002) 
7.10 HEPES 0.114 (+ 0.006) 
7.56 HEPES 0.150 (+ 0.006) 
8.20 TRIS 0.170 (+ 0.009) 
8.70 CHES 0.172 (+ 0.009) 
9.00 CHES 0.175 (+ 0.009) 
9.85 CAPS 0.187 (+ 0.006) 
10.14 CAPS 0.181 (+ 0.006) 
* Determined spectrophotometrically at 400 nm, T = 25°C, µ = 1.0 M (NaCl). 
The hydrolysis of the complex in the pH range 5-11 is described by the rate law:-
where km = rate constant for the reaction of the deprotonated complex and 
Ka = dissociation constant of the coordinated water molecule. 
The data in Table 4.1 was fitted by a non-linear least squares program to obtain the 
values of these constants; km= 0.18 (+ 0.02) s-1, Ka= 1.37 (+ 0.08) x 10-7 M-1 (pKa = 
6.86). The pKa of the bound aqua ligand was similar to that of the analogous lr(Ill) 
complex 7 and was about that expected for a dicationic Co(Ill) amine species.14 
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At high pH the rate increased further. The observed kinetics over the whole pH 
range are described by the rate law:-
The values for k1 and k2 13.31 (+ 0.02) dm3mol-ls-l and 7.19 (+ 0.02) dm6mol-2s-1 
respectively, were obtained by non-linear least squares fitting of the data in Table 4.2. The 
data is also presented graphically (Figure 4.2). 
Table 4.2 Rate Constants for the Initial Step in the Hydrolysis of 
cis[(en)2Co(OH2)BNPP]2+. * 
[OH-] kobs (s-1) 
0.05 0.77 (+ 0.01) 
0.10 1.41 (+0.01) 
0.25 3.78 (+ 0.04) 
0.50 8.5 (+ 0.1) 
0.75 13.9 (+ 0.1) 
1.00 20.5 (+ 0.2) 
* Determined spectrophotometrically at 400 nm, T = 25°C, µ = 1.0 M (NaCl). 
. 
The phosphate species generated on hydrolysis of the cis[(en)2Co(OH2)BNPP]2+ 
complex were identified by 31p nmr spectroscopy. At pH 5.20, the starting material (-5.9 
ppm) decayed with a rate constant of 7.7 x 10-4 s-1 to a product at 6.7 ppm. The product 
was identified as cis[(en)2Co(OH2)NPP]+ by its 3lp nmr chemical shift, and the 
assignment confirmed by the addition of an authentic sample. The rate constant 
determined by 3lp nmr spectroscopy, for the loss of the reactant at pH 5.20, was --5 fold 
less than that measured spectrophotometrically. This may be accounted for given that 
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Figure 4.2 Variation of kobs with [OH-] for the initial step in the hydrolysis of 
cis[(en)2Co(OH2)BNPP]2+ in the pH range 11-14 at 25°C, µ = 1.0 M (NaCl). 
different reaction conditions were used in the two experiments (e.g. presence of D20 in the 
buffer used in the nmr study). 
In the pH range 6-12, the disappearance of the starting material was too rapid to 
monitor by this method. The reaction observed was presumed to be the hydrolysis of the 
"intermediate" cis[(en)2Co(OH2)NPP]+. The hydrolysis products were identical to those 
obtained in a previous studyl of cis[(en)2Co(OH2)NPP]+ under similar conditions; cis and 
trans [(en)2Co(OH2)NPP]+ (6.5 and 6.2 ppm respectively), NPP (-0.4 ppm), and the 
chelate [(en)2Co(02P02)] (24 ppm) or at higher pH, its ring opened forms cis and trans 
[(en)2Co(OH)(OP03)J- (13.7 and 13.5 ppm respectively). In addition, 14%-35% free 
B NPP (-11. 8 ppm) was produced. The higher yields of B NPP were obtained in more 
basic solutions. 
The uv/vis kinetic data of the "intermediate" was also similar to that obtained with 
the cis[ ( en)2Co(OH2)i\c1PP]+ complex. In the pH range 5-11 the reaction obeys the rate 
law:-
The values of the constants obtained by non-linear least squares fitting of the data in Table 
4.3 were in reasonable agreement with those from the cis[(en)2Co(OH2)NPP]+ study. In 
this study the values obtained were Ka= 2.23 (+ 0.20) x 10-8 M-1 (pKa = 7.65), km= 
9.45 (+ 0.10) x 10-4 s-1 while in the earlier work on cis[(en)2Co(OH2)NPP]+ values of Ka 
= 2.66 (+ 0.05) x 1 o-8 M-1, (pKa = 7 .58), km = 7 .8 x 1 o-4 s-1 were obtained. 
Table 4.3 Rate Constants for the Second Step in the Hydrolysis of 
cis[ (en)2Co(OH2)BNPP]2+. * 
pH Buffer kobs x 10- 4 (s-1) 
6.05 MES 0.170 (+ 0.005) 
6.53 PIPES 0.65 (+ 0.02) 
7.10 HEPES 2.-15 (+ 0.10) 
7.56 HEPES 4.3 (+ 0.2) 
8.27 TRIS 7.5 (+ 0.2) 
8.70 CHES 8.2 (+ 0.4) 
9.00 CHES 9.4 (+ 0.4) 
9.56 CHES 9.7 (+ 0.4) 
10.14 CAPS 9.1 (+ 0.4) 
10.54 CAPS 9.7 (+ 0.5) 
10.70 CAPS 10.0 (+ 0.5) 
* Determined spectrophotometrically at 400 nm, T = 25°C, µ = 1.0 M (NaCl). 
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4.4 DISCUSSION 
4.4.1 Base Hydrolysis of cis[(en)2Co(OH2)BNPP]2+. 
The mechanism(s) proposed for the base hydrolysis of cis[(en)2Co(OH2)BNPP]2+ 
needs to accommodate the following observations:-
i) The large rate enhancement relative to the uncoordinated ester. 
ii) The sigmoidal dependence of the rate on p~ (in the range pH 5-9). 
iii) The pH independent region of the rate profile (pH 9-11). 
iv) The production of cis[(en)2Co(OH2)NPP]+ and BNPP in the pH range 5-12. 
v) The increasing rate at high pH (pH> 11). 
Superficially, at least two mechanisms could account for the rate profile observed 
on hydrolysis of cis[(en)2Co(OH2)BNPP]2+ in the pH range 5-11. 
i) Intramolecular attack of a coordinated nucleophile. 
The pH dependence of the initial rate is attributed to deprotonation of the 
coordinated water ligand to generate the reactive hydroxo species. Intramolecular 
nucleophilic reaction at the phosphorus centre follows (Scheme 4.1 ). 
/ 
+ 
Scheme 4.1 
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The rate reaches a maximum at -pH 8.5 Ckm = 0.18 + 0.02 s-1) and remains independent of 
pH in the range 8 .5-11 as expected for reaction involving the fully deprotonated 
nucleophile (pKa = 6.86). 
ii) General base catalysis by intramolecular bases. 
The nucleophile in this case is an approaching water molecule deprotonated by the 
bound hydroxide moiety at the reaction site. 
Differentiation between the two mechanisms is possible based on two lines of 
evidence. A precedent for the intramolecular path is provided by hydrolysis studies of the 
corresponding monoester. l Specifically, when labelled cis[(en)2Co(*OH)NPP] was 
hydrolysed in unlabelled solvent (pH 10), complete retention of the label was observed in 
the chelate phosphate produced (Scheme 4.2). It is therefore likely that the diester complex 
reacts in a like manner. 
Otf 100°/o label 
+ 
Scheme 4.2 
In addition, Kirby's method of "effective molarities" (EM) has been used to 
distinguish between general base catalysed and direct nucleophilic attack mechanisms; 
general base catalysed reactions have EM values less than 80, while nucleophilic catalysed 
reactions have EM values greater than 8Q.15 The effective molarity of an intramolecular 
reaction is the ratio of the rate constants of the intramolecular reaction and the comparable 
intermolecular reaction. In this instance, the latter refers to the intermolecular attack of a 
Co(III) bound hydroxyl nucleophile on a BNPP moiety coordinated to another Co(III) ion. 
Such a reaction is unknown. However, a rate constant for it can be estimated as follows. 
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The hydrolysis of BNPP by free hydroxide ion occurs with a rate constant of 8 x 10-7 s-1 
at pH 8, l00°C.16 The activation parameters for this reaction are not known. Therefore 
those of BDNPP were used to estimate the rate constant for this system at 25°C. l6 This 
gives a rate constant of -10-9 s-1 for the hydrolysis of BNPP at pH 8, 25°C. The t\l.'O 
relevant nucleophiles OH- and Co-OH- have vastly different basicities; a pKa of -1617 for 
the conjugate acid of OH- is reduced to -7 on coordination to the Co(III) centre. An 
allowance has to be made for this. The dependence of the rate of this reaction on the 
basicities of the nucleophiles is unknown. However, the rates of hydrolyses of the di 18 
and triesters19 of phosphoric acid are greatly influenced by the basicity of the nucleophiles; 
their Bronsted ~ values are 0.31 and 0.61 respectively. Assuming an intermediate~ value 
of 0.5, a rate constant of 3 x 10-11 dm3mol-ls-1 was obtained for the intermolecular 
reaction. This yields an EM value of 2 x 1 Q9 mol ctm3 for the intramolecular reaction of 
cis[(en)2Co(OH2)BNPP]2+. 'fhe large EM value also implies that the coordinated 
hydroxide ion is the nucleophile. 
Hence, at pH< 11, the formation of cis[(en)2Co(OH2)NPP]+ presumably occurs 
via intramolecular nucleophilic reaction of the bound deprotonated water molecule at the 
phosphorus centre. The phosphorane intermediate 4.3 formed initially decays to yield the 
chelate phosphate monoester 4.4, which then rapidly ring opens, probably via Co-0 bond 
rupture to produce 4.5 (Scheme 4.3, path a). Although tracer experiments have not been 
performed in this instance, in related cases where they have been, the ring always opens via 
Co-0 bond cleavage.1,2 However, the same is not true for the Ir(III) complexes 7 and it 
appears simply to be a function of the M-0 bond reactivity. 
The logical route for the production of BNPP is via the conjugate base dissociative 
path (Scheme 4.3, path b) characteristic of Co(III) amine chemistry.20~21 The reaction is 
first order in OH- and therefore this mechanism becomes more significant at higher pH. 
The larger yield of BNPP observed in the high pH region is in accordance \.vith this. This 
reaction is not relevant to the thrust of this thesis and therefore is not considered further. 
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Above the pH independent plateau, there is a futher increase in the rate of ester 
hydrolysis (Scheme 4.3, path c). It is therefore apparent that another mechanism for the 
production of nitrophenolate ion arises in this region. There are a number of pathways 
which could give rise to this effect and also yield cis[(en)2Co(OH2)NPP]+. 
i) Intermolecular attack of hydroxide ion at the phosphorus centre 
(Scheme 4.4 ). 
+ 
Scheme 4.4 
The products of this reaction would be identical to those observed from the 
intramolecular path. However, there is no sign of intermolecular addition of OH- at 
phosphorus centres of phosphate diesters bound to metal centres.7 
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ii ) Intramolecular attack by coordinated oxide ion (Scheme 4.S). 
The coordinated hydroxide moiety deprotonates (pKa -20)22 to generate a potential 
intramolecular nucleophile, the bound oxide ion . 
.. 
/ 
Scheme 4.5 
A similar mechanism has been proposed for base catalysed intramolecular reactions 
of coordinated olefins adjacent to a bound hydroxide ion.23 In this case a bound oxide ion 
added to the coordinated olefinic centre of maleate ester. In order to produce a significant 
increase in the rate of reaction at pH 14, Co-O- is required to be at least 106 times more 
effective as an intramolecular nucleophile than Co-OH-. The difference in pKa of the t\vo 
nucleophiles (-1Q13) could account for a difference of this magnitude. Thus, attack by 
Co-O- could make a significant contribution to the rate at pH 14, even though only about 
10-4% of the Co-OH- species is dissociated. 
iii) Rate limiting decomposition of a phosphorane intermediate 
(Scheme 4.6). 
The phosphorane intermediate is formed by intermolecular attack of hydroxide at the 
phosphorus centre of the diester complex. Subsequent deprotonation of this species by the 
bound hydroxide ion could result in the rapid formation of products. 
OH 
/ 
Scheme 4.6 
iv) Intermolecular attack of hydroxide ion at the phosphorus centre of the 
pentaoxyphosphorane (Scheme 4. 7). 
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There is considerable evidence for the participation of hexacoordinated phosphorus 
species in the base catalysed hydrolysis of alkoxy ligands and oxyphosphoranes.24-26 
/ 
- 20% label 
+ 
Scheme 4.7 
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This mechanism has been used to explain the incorporation of 18Q label (- 20%) into 
the exocyclic oxygens of the chelate product when unlabelled cis[(en)2Co(OH2)NPP]+ is 
reacted with labelled solvent (pH 10).1 In this case, the active species in the intermolecular 
attack at the phosphorane is water. At higher pH, decomposition of the 
pentaoxyphosphorane by the intervention of a hydroxide ion in the transition state could be 
envisaged. An analogous pathway can be applied to the cis[(en)2Co(OH2)BNPP]2+ 
complex. 
With the available data, it was not possible to distinguish between these 
mechanisms. 
The hydrolytic behaviour of cis[(en)2Co(OH2)NPP]+ has been extensively studied, 
and is identical to the behaviour observed for the species produced as an intermediate in the 
hydrolysis of cis[(en)2Co(OH2)BNPP]2+. The pathways involved in its decomposition 
are summarized in Scheme 4.3. 
4.4.2 Comparison of the Hydrolytic Behaviour of Co(Ill) and Ir(III) 
Phosphate Esters. 
Under similar conditions, cis[(en)2Co(OH2)BNPP]2+ and 
cis[(en)2Co(OH2)NPP]+ are hydrolysed -500 fold faster than the analogous Ir(III) 
species. 
The difference in reactivity is attributed to the different sizes of the two metal ions27 
(effective ionic radii for Co(IIl) and Ir(ill) are 0.545 A and 0.68 A respectively).28 This 
size difference would affect the energy required to form the four membered ring in the 
intramolecular reaction. The X-ray crystal structure of [(en)2Co(02P02)]6 shows that the 
four membered ring is strained; the 0-Co-O and 0-P-O angles are 76° and 98.5° 
respectively, whereas the preferred angles for octahedral and tetrahedral geometries are 90° 
and 109° respectively. Furthermore the Co-P distance is 2.554 A, close to the sum of the 
covalent radii of the two atoms. With the larger Ir(III) atom in the ri~g, these effects would 
make the chelate even more strained. Molecular geometries dictate that an 0-Ir-O angle of 
-70° is required to achieve a reasonable transition state geometry for the intramolecular 
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reaction of hydroxide ion on a coordinated phosphate derivative, compared to that of 
78° -80° with Co(III). 6,29 The greater compression required with the Ir(III) system is 
expected to increase its transition state energy. This effect would explain the lack of Ir(III) 
chelates. In contrast, the didentate [(en)2Co(02P02)] species is the thermodynamically 
preferred form of the phosphate complex in the pH range 6-9. 30 This effect seems to be 
reflected in the variation in the rate constants observed for Co(III) versus Ir(III) complexes. 
4. 4. 3 Comparison with Phosphate Ester Hydrolysis by cis 
tetraamineCo(III)hydroxoaqua Complexes. 
Chin and co-workers obtained a rate constant of 2.7 x 10-5 s-1 at pH 7, 50°C for the 
cis[(en)2Co(OH)(OH2)]2+ promoted hydrolysis of BNPP. 8 An accurate estimate of this 
rate constant at 25°C is precluded by the lack of activation parameters. However by using 
Ml~= 24 kcals mol-1, a rate constant of -10-6 s-1 is estimated at 25°C.31 
The mechanism proposed for the release of nitrophenolate ion by these workers 
involves anation of the Co(Ill) complex by the ligand followed by rate determining 
intramolecular attack of OH- at the phosphorus centre (Scheme 4.8). 
k2L /ras 
+ 
Scheme 4.8 
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However, in the present study, the rate constant obtained for the release of the 
nitrophenolate ion was dramatically different (Table 4.4). This is totally inconsistent with 
Chin's proposal since both systems are argued to ultimately undergo hydrolysis by the 
same route. The only difference between the two systems is that the active species is 
preformed (with the potential nucleophile adjacent to the substrate) in one, while in the 
other, anation of the Co(III) complex with BNPP has to take place first in order to generate 
the reactive species. Presumably, it is anation which is rate determining in Chin's 
experiments. 
Table 4.4 Rate Constants for Hydrolysis Reactions Involving Co(III) Complexes of 
BNPP and NPP. 
System . k (s-1) Reaction conditions 
cis[(en)2Co(OH2)BNPP]2+ 0.114 pH 7 .10, 25°C32 
cis[(en)2Co(OH2)NPP]+ 2.15 X lQ-4 pH 7.10, 25°C32 
2.0 X 10-4 pH 7.10, 25°Cl 
BNPP I cis[(en)2Co(OH)(OH2)]2+ 2.7 X 10-5 pH 7 .0, 50°C 8 
-10-6 * pH 7.0, 25°C 
NPP I cis[(en)2Co(OH)(OH2)]2+ 3.0 X 10-4 pH 7 .0, 50°C 8 
-10-s * pH 7.0, 25°C 
* rate constants estimated using Af1* = 24 kcals mol-1. 
Substitution reactions in similar Co(ill) complexes occur via dissociation of the 
bound water molecule. This step appears rate determining and therefore sets the upper limit 
for anation. (cis[(en)2Co(OH)(OH2)]2+, kex > 2 x 10-3 s-1, 25°C).33 The rate of 
anation of cis[(en)2Co(OH)(OH2)]2+ with BNPP has not been measured directly. 
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However, for such Co(III) amine species, the rates of anation are not very sensitive to the 
nature of the incoming ligand.34 Therefore, the rate constant for anation of the complex 
with BNPP should be roughly the same as that with phosphate (9 x 10-4 s-1 , 50°C). Since 
the observed rate constant for intramolecular attack of hydroxide ion at the phosphorus 
centre in cis[(en)2Co(OH2)BNPP]2+ is many orders of magnitude greater than that 
obtained for the cis[(en)2Co(OH)(OH2)]2+ complex promoted hydrolysis of BNPP, the 
value obtained by Chin must reflect rate detennining anation in this system. 
The following examples further illustrate the significance of the anation process in 
such overall ester hydrolyses:-
i) The rate constants for the release of nitrophenolate ion from 
cis[(en)2Co(OH2)NPP]+ and the complementary cis[(en)2Co(OH)(OH2)]2+ / 
NPP system are 2.15 x lo--4 s-1 (pH 7, 25°C) and 3.0 x 10-4 s-1 (pH 7, 
50°C) respectively. The rate constant at 25°C for the latter system was 
detennined to be -1 o-5 s-1 by using a AfI.e value of - 24 kcals mo1-1. 
The two systems must have different rate determining steps. With the preformed 
molecule the rate limiting step is intramolecular attack of bound OH- at the phosphorus 
centre, while in the other case anation appears to be involved in this step, as implied by the 
similar rate constants obtained for anation and hydrolysis. 8 
ii) At pH 7, 25°C, cis[(en)2Co(OH2)BNPP]2+ is hydrolysed -600 fold faster than 
the monoester complex cis[(en)2Co(OH2)~1PP]+. Under similar conditions the 
cis[(en)2Co(OH)(OH2)]2+ promoted hydrolysis of the diester is slower (-10 
fold) than that of the monoester (Table 4.4). 
The hydrolysis rates observed with the preformed complexes reflect directly the 
rates of intramolecular attack of OH- at the phosphorus. This rate is -600 fold faster for the 
diester than for the monoester. In contrast, the cis[(en)2Co(OH)(OH2)]2+ promoted 
hydrolysis of mono and diphosphate esters are clearly contrary to this conclusion and must 
therefore have rate limiting steps elsewhere in the process, namely the anation step. 
The pattern of reactivity is not always so clear cut, for example, the 
cis[(trpn)Co(OH)(OH2)]2+ promoted rate of hydrolysis of DNPP monoester is greater than 
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that of the diester BDNPP (-5 fold).9 This may reflect some influence of anation on the 
process, probably through the pre-equilibrium since in these cases substitution is rapid. 
The rapid rates of these reactions also inhibit a study of the relevant preformed complexes 
and precludes a more detailed analysis of these systems. 
The rate constant for the hydrolysis of cis[(en)2Co(OH2)BNPP]2+ at pH 8, 25°C is 
0.17 s-1, yielding a rate enhancement of -1 Q8 fold over that of the free ligand under the 
same conditions. Rate enhancements of similar magnitude have also been observed in the 
cis[(N4)Co(OH)(OH2)]2+ (N4= trpn, cyclen) promoted hydrolysis of a series of 
diesters.35 By comparison, metal ion promoted hydrolyses of monoesters give only 
105-106 fold rate enhancements. This is a curious observation since the uncoordinated 
monoesters in general hydrolyse more rapidly than the diesters at neutral pH. This is 
ascribed to the metaphosphate pathway available to unactivated monoesters. 36 The rate 
enhancement is even less (-1 Q2) for the Co(III) complex promoted hydrolysis of 
monoesters with poor leaving groups,37 e.g. methyl phosphate. The metaphosphate 
mechanism is even more evident in these systems. 
However, it is quite clear that the coordinated monoester is reacting with the 
intramolecular nucleophile and not hydrolysing by the metaphosphate path. The chelated 
intermediate phosphorane is evident from 18Q tracer experiments and the product is 
chelated phosphate ion. I In this respect the coordinated monoester is behaving more like a 
diester and the coordinated diester presumably mimics triester chemistry to a degree. 
Although even more reactive [(N4)Co(OH)(OH2)]2+ systems are required for the 
efficient cleavage of less activated phosphate diesters, such as the backbone of nucleic 
acids, these studies help identify features that cause enhanced reactivity in such processes. 
Clearly, anation should not be rate limiting to get maximum efficiency and although there 
does seem to be an influence of the type of Co(III) bound tetraamine ligand on the rate of 
intramolecular attack, at present it is not large. 
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5.1 INTRODUCTION 
In order to assess the effect of additional metal ions on the hydrolysis of phosphate 
esters, µ-amido-µ-4-ni tropheny lphosphato-bis[bis( ethy lenediamine )cobalt(III) J (Cl04)3 
was synthesized and its hydrolytic behaviour was investigated. 
5.2 EXPERIMENT AL 
5.2.1 Reagents and Instrumentation. 
All reagents used were analytical grade unless otherwise stated. 31 P nmr spectra 
were recorded with a Varian VXR-300 spectrophotometer at 121.42 MHz. Chemical shifts 
were obtained in ppm relative to 85% H3P04 as an external standard. Triethylphosphate 
was used as the internal standard. lH nmr spectra were recorded with a JOEL FX-200 
spectrophotometer at 199.9 MHz with NaTPS as the internal st~d~d. Chemical shifts (8 
positive downfield) are given relative to this standard in ppm. 
5.2.2 Syntheses. 
[(NH3)5Co(02)Co(NH3)5](N03)4 was synthesized according to published 
procedures.I The µ-amido-µ-4-nitrophenylphosphato-
bis[bis(ethylenediamine)cobalt(ill)] triperchlorate monohydrate was synthesiszed as below. 
(The method was developed by Dr. D.R. Jones from related syntheses).2-5 
µ-amido-µ-superoxo-bis[tetraamminecobalt(III)]disulphate. 5.1 
[(NH3)5Co(02)Co(NH3)5](N03)4 (30 g) was dissolved in cone. ammonia (330 
ml). KOH (2.8 g) was added to the mixture and the solution heated at 32° -35°C for 90 
minutes. An aqueous solution of H2S04 (190 ml cone. H2S04 in 800 ml H20) was 
cooled to -l0°C and saturated with chlorine gas. The ammoniacal solution was also cooled 
to -10°C, and then added in portions to the rapidly stirred H2S 04 solution, so that the 
solution temperature did not exceed 2°C. The reaction vessel was cooled in an ice-bath and 
111 
chlorine gas bubbled through the solution for 2 hours. The grey green crystals that formed 
were collected, washed with cold 3M H2S04, ethanol and ether respectively. 
Methanol (500 ml) was added to the filtrate with vigorous stirring and the resulting 
solution cooled in ice for 1 hour. The crystalline prcxiuct was collected and washed as 
before. (Overall yield 47% ). 
µ-amido-µ-superoxo-bis[bis(ethylenediamine)cobait(III)]tetrachloride. 5.2 
5.1 (10.5 g) was dissolved in a requisite amount of 10% ethylenediamine solution 
and heated at 34°C for 1.5 hours. The solution was acidified with HCl (pH -1), cooled to 
10°C and chlorine gas bubbled through the solution for 1.5 hours. NaCl (5 g) was added. 
The solution was cooled to 0°C and stirred for 2 hours. The dark green crystals that 
formed were collected and washed with ethanol. (Yield 71 %). 
µ-amido-µ-sul phato-bis[bis( ethylenediamine )cobalt(III) ]tri bromide. 5.3 
5.2 (8 g) was dissolved in a minimum volume of 0.01 M HCl04 (20 ml) at 60°C 
and SOi was bubbled through the solution until it turned red (-2 minutes). NaBr (4 g) was 
added with vigorous stirring, the solution cooled at 0°C for 1 hour and the crystals that 
formed were collected. 
A second crop was obtained by adding N aCl04 ( 6 g) to the filtrate and stirring the 
cooled solution (0°C) for a further hour. (Overall yield 80% ). 
µ-amido-µ-hydroxo-bis[bis(ethylenediamine)cobalt(III)]tetrabromide. 5.4 
5.3 (5.5 g) was dissolved in 0.1 M NaOH (75 ml) and the solution was stirred for 
15 hours. The volume was then reduced to 20 ml, NI-4Br (6 g) was added with stirring 
and the solution was cooled at 0°C for 1 hour. The red crystals which f onned were 
collected, washed with 75% ethanol, ethanol and ether respectively. 
A second crop was obtained by slow addition of ethanol to the cooled stirred 
filtrate. (Overall yield 58% ). 
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µ-amido-µ-4-nitrophenylphosphato-
bis [bis( ethylenediamine)cobalt(III)] tri perchlorate.mono hydrate. 5 .5 
Na203POC6}4N02.6H20 (1.3 g) was converted to its acid form using a short 
column of Dowex 50W-X2 (H+) resin. The solution volume was reduced to 5 ml and the 
solution warmed to 60°C. 5.4 (0.5 g) was added in portions with vigorous stirring. (Tne 
product crystallized within 1 minute). The solution was wanned to 60° -70°C again for 5 
minutes and then heated at 40°C for 1 hour. The red-violet crystalline product was 
collected and then shaken with a slurry of Dowex AG 1-X8 (Cl- form) resin. Finally it was 
reprecipitated as the perchlorate salt by addition of NaCl04. The crystals were collected, 
and washed with methanol and ether. (Yield 78% ). Analysis calculated for 
C14If4oN 10Cl3Co2019P: C, 18.52; H, 4.44; N, 15.43. Found: C, 18.5; H, 4.6; N, 14.9%, 
lH nmr spectrum: 8.24 (d) lH-H = 9 Hz. (4H); 7.32 (d) lH-H = 9 Hz. (4H); 2.84 (br) 
(14H); 2.0 (~r) (2H). 31 P{ lH} nmr spectrum (pH 10): 10.4 (s). 
5.2.3 Kinetic Studies. 
The kinetics of the hydrolysis of the binuclear phosphate ester complex 5.5 were 
monitored by 31 P nmr spectroscopy, in 0.1 Mand 1.0 M NaOH solutions at 25°C and in 
0.1 M NaOH solution at 5°C. (Acquisition parameters: acquisition frequency 121.42 
MHz, spectral width 20 KHz, no. of data points 16384, pulse angle 90°, pulse repetition 
time 0.7 s). Previously the reaction had been investigated spectrophotometrically, at 400 
nm in 0.05 M-1.0 M NaOH solutions at µ = 1.0 M (NaCl04), 25°C.6 The yield of 
nitrophenolate was calculated using a molar absorptivity of 18,700 M-1 cm-1. 
5.3 RESULTS AND DISCUSSION 
Clearly a number of isomers are possible in this system, but only one isomer is 
isolated based on the 31 P nmr spectrum. In an earlier study6 the rate of release of 
nitrophenolate ion from the dinuclear complex 5.5 was followed spectrophotometrically. 
The reaction was first order in hydroxide ion (0.05 M-1.0 M) and gave a second order rate 
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constant of 0.21 (+ 0.04) dm3mol-ls_l at 25°C. The yield of nitrophenolate in this range 
was constant (39 + 1 % ). 
On reacting the complex with 1 Mand 0.1 M NaOH solutions at 25°C, 31 P signals 
were observed at -0.3 ppm, 13 ppm and 13.8 ppm. The signal at -0.3 ppm, attributed to 
NPP, was -50% of the total phosphorus containing species for the former case and -30% 
for the latter. These quantities were invariant with time (6 hours and 12 hours 
respectively). In 1 M NaOH, the signal at 13 ppm decayed as the one at 13.8 ppm grew, 
with a rate constant of 2.6 x 10-4 s-1 and in 0.1 M solution the rate constant for this 
conversion was -1 x 10-4 s-1. (80% conversion occurred in both systems). 
A series of 31 P nmr spectra for reaction of the complex with 0.1 M NaOH at 5°C 
are given in Figure 5.1. Significant features of this reaction are summarized below:-
i) A signal at 33 ppm which decays with a rate constant of 5 x 10-4 s-1. 
ii) The rate constant for the growth of the signal at 13 ppm is 4.4 x 10-4 s-1. 
iii) The magnitude of the signals at 5 ppm and 17 ppm is similar. 
iv) The amount of NPP formed corresponds to 30% of the total phosphorus 
containing species and remains invariant with time (-20 hours). 
The 31 P nmr signals were assigned by applying the additivity rules 7 and a 
mechanism proposed based on this (Scheme 5.1). The uv/vis spectroscopic results are also 
accommodated by this mechanism. 
The reaction appears to occur predominantly via two competing pathways:-
i) the SNl(CB) pathway that results in loss of free ligand (path a) 
ii) an intramolecular route (path b). i.e. an ethylenediamine nitrogen 1s 
deprotonated to generate the intramolecular nucleophile which reacts at the phosphorus. 
The nitrophenolate ion is cleaved and 5.6 is formed. Intermediates containing metal 
ion-N-P-0 chelates which resonate characteristically at 33-34 ppm in high base 
concentration have been observed previously.8 Co-0 bond rupture in the chelate9 yields 
5.7 which has a resonance at 13 ppm (Co-0 bond rupture is much more likely than Co-N 
rupture especially when the nitrogen ligand is anionic). The similar rate constants obtained 
for decay of the signal at 33 ppm and the growth of the signal at 13 ppm supports the 
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notion that the signals arising at 13 ppm comes about as a result of the decay of the species 
at 33 ppm. 5.7 then presumably isomerizes on a slower time scale to 5.8 (31 P resonance 
at 13.8 ppm). The reaction does not appear to proceed further over a period of 20 hours. 
Small signals arising at 17 ppm and 5 ppm (Figure 5.1 ) each constitute -4% of the 
total phosphorus species. The signal at 5 ppm was attributed to phosphate ion and its 
formation can be accommodated by the subsidiary mechanism shown in Scheme 5.2 . 
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Scheme 5.2 
This mechanism is also consistent with the observation that the phosphate and the species 
giving rise to the signal at 17 ppm are present in equal amounts. A similar reaction 
path was proposed for the hydrolysis of 5.9.10 However, in contrast to the hydrolysis of 
5.9 (which occurred predominantly via intramolecular attack of OH- at the phosphorus 
r 
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centre), intramolecular attack of OH- at the phosphorus centre is much less significant in the 
hydrolysis of 5.5. 
5.9 
The intermediate 5.6 decays too rapidly to be observed at higher temperature and 
thus only the ring opened forms 5.7 and 5.8 are evident in the 31p nmr spectra of 5.5 in 1 
Mand 0.1 M NaOH at 25°C. The variation in rate constants for the conversion of 5.7 to 
5.8 in these systems (2.6 x 10-4 s-1 and _1 x 10-4 s-1 respectively) probably arises from the 
variation in ionic strength. The yield of NPP obtained from the spectrophotometric study 
and the 31p nmr study differ somewhat; 60% in 0.05 M-1.0 M NaOH solutions by the 
former and -50% and -30% in 1.0 Mand 0.1 M NaOH solutions by the nmr method. The 
nmr method is not as sensitive as the spectrophotometric technique. Another possible 
cause of the difference is that the pH of the solution could have changed due to the higher 
complex concentrations used in the nmr study. Given that the conditions differ 
considerably, complete agreement is not necessarily expected. 
The rate constants for the base hydrolysis of NPPl 1 and [(N"'H3)5CoNPP]+ at 25°C 
are 4 x 10-9 dm3mol-ls-1 and 8.lx lQ-4 dm3mol-ls-1 respectively.9 Coordination of a 
second metal ion therefore enhances the rate of hydrolysis by 5 x 107 relative to the free 
ligand and by -2(,() relative to the mononuclear complex. This provides another example of 
the effectiveness of intramolecular nucleophiles and the influence of metal ions in reducing 
the substrate negative charge and polarizing the phosphorus centre to attack by a 
nucleophile. Dimeric reagents of this kind may be effective catalysts if the substrates and 
products can be induced to exchange at the metal centres. 
... 
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6.1 INTRODUCTION 
Yeast inorganic pyrophosphatase (PPase) catalyses the hydrolysis of inorganic 
pyrophosphate (PPi) to orthophosphate (Pi) in the presence of Mg(II). Divalent metal ion 
cofactors are essential for the activity of the enzyme.1-4 The roles of these enzyme bound 
metal ion cofactors are not yet well understood, although the substrate specificity of the 
enzyme appears to be linked to the nature of the metal ion. 5 When Mg2+ is the cofactor, 
the enzyme is specific for pyrophosphate, while zn2+ enables it to hydrolyse a variety of 
substrates, namely pyrophosphate phosphoanhydrides (e.g. PPPi and ATP) and 
pyrophosphate rnonoesters. 
The natural substrate is a Mg(II) pyrophosphate complex6,7 with an all oxygen 
ligand inner sphere. 8 This is implied by the diagnostic chemical shifts obtained from l 13Cd 
nmr spectroscopic studies on the enzyme with Pi and Cd2+ of varying concentrations. 
Despite assertions to the contrary, 8 compelling evidence from Dunaway-Mariano et al. 
favours a P1,P2-didentate Mg(II) active substrate. Model complexes, Cr(H20)4PP, 
Co(NH3)4PP and Rh(H20)4PP (each containing P1,P2 didentate PPi) were enzymatically 
hydrolysed to their respective phosphate products in the presence of Mg(II),6 while the 
monodentate complex (NH3)5CoPP was not a substrate for the enzyme.7 The 
[Cr(H20)4(P207)J- and [Co(NH3)4(P207)]- complexes have also been characterized 
unambiguously as the six membered P1,P2-didentate by X-ray structure analyses.9,10 By 
inference, the magnesium complex involved is 6.1. 
6.1 
l _Q 
The Mg(H20)4PPi substrate is catalytically hydrolysed to yield cis[Mg(Pi)2], 11 
presumably by nucleophilic attack of a deprotonated metal bound water molecule at the 
phosphorus centre (Scheme 6.1 ). In the absence of enzyme mediated proton transfer to the 
phosphoryl group that is being displaced, Mg(II) bound phosphate trianion would be 
generated. The high basicity of this species, 12 makes it an unsuitable leaving group in the 
PPase catalysed reaction, and therefore protonation of this residue is likely. Conceptually, 
protonation could occur at either the bridge oxygen atom or at one of the two distal oxygen 
atoms of the substrate. 
E-S 
E-P 
Scheme 6.1 
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MgPNP and P1 ,P2-didentate (NH3)4CoPNP (PNP = imidodiphosphate) were used 
as probes for PPase mediated proton transfer to the bridge oxygen atom13 (Scheme 6.2). 
These complexes were not hydrolysed by the enzyme under conditions that lead to the rapid 
hydrolysis of MgPPi and P1,P2-didentate (NH3)4CoPP. Although the above results cast 
some doubt on the possibility of proton transfer to the bridge oxygen atom, it is argued that 
this mechanism cannot be dismissed. 
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Enzyme mediated proton transfer to the pro-R oxygen atom of the leaving group 
appears to be more likely.13 Studies with Cr(H20)4PPS and Co(NH3)4PPS complexes 
(PPS = thiopyrophosphate) demonstrate that the enzyme specifically catalyses the 
hydrolysis of only the Rp enantiomers of these complexes in which the substituted atom 
(S), having inferior hydrogen bonding capabilities is positioned away from the acid catalyst 
in the reaction (Figure 6.1). 
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The essential role of an active site residue as an acid catalyst has also been 
implicated by the dependence of reaction rates on pH.6 Specifically, results from pH 
studies show that the catalytic activity of the enzyme is destroyed on deprotonation of an 
enzyme residue with an apparent pKa of 7.8. The arginine located at the active site is 
required to be protonated for activity.14 Competitive inhibitors of the reaction 
(e.g. [P04J3-, [CaP207J2-,[Mg03PCH(OH)P03J2-) inhibit the inactivation of arginine 77 
by phenylglyoxal. This implies substrate binding (presumably by hydrogen bonding) by 
the protonated arginine residue. 
Despite peripheral hydrogen bonding, the enzyme does not function without the 
metal ions and their role is obviously crucial. For this reason, simple experiments 
involving coordinated metal ions have been conducted in attempts to divine their role. 
Features of the enzymic reactions have been modelled by kinetically inert cobalt(III) 
systems. Initial ~qrk15 explored the cis[(N4)Co(OH)(OH2)]2+ {N4 = (tn)2, (en)2, tren} 
activated hydrolysis of P2074-. The active species 6.2 was identified as a polynuclear 
complex containing one pyrophosphate moiety coordinated to three Co(III) centres. For 
the complex where (N4) = ( tn)2 a rate enhancement of -1 OS was obtained for the hydrolysis 
of the pyrophosphate. With the less reactive ( en)2 and tren Co(III)hydroxoaqua 
complexes, chelation of pyrophosphate was rate limiting and precluded a more meaningful 
study. 
0 0Co(OH)(N4) 13+ \\/ 
0-P 
(N )Co/ "o 
4 " / 0-P 
(/ '.0Co(OH)(N4) 
6.2 
This problem was circumvented 16 by using P2074- already chelated in a stable 
complex,17 namely [(en)2Co(P207)]- (Figure 6.2). With cis[(tn)2Co(OH)(OH2)]2+, the 
rate of hydrolysis reached a maximum at -pH 7, with a 2: 1 ratio of 
cis[(tn)2Co(OH)(OH2)]2+ : [(en)2Co(P207)J-. All three Co(III) cenrres per pyrophosphate 
molecule were therefore required for hydrolysis, as observed in the previous study. The 
reaction intermediates were identified by their 31 P chemical shifts (Figure 6.3) and a 
mechanism proposed based on this (Scheme 6.3). 
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31 P nmr spectra for the reaction of 
[(en)2Co(P207J- (0.05 M) and 
cis[(tn)2Co(OH)(OH2)]2+ (0.10 M) 
in pH 7 buffer at 25°C. 
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In the initial step, the cis[(tn)2Co(OH)(OH2)]2+ reagent binds a basic oxygen on the 
pyrophosphate complex following rapid dissociation of the Co(ill) bound water molecule. 
Coordination to the Co(III) reagent reduces the negative charge and polarizes the system to 
enhance attack at the phosphorus atom. Binding the nucleophile near the reaction centre 
also enhances the prospect of hydrolysis since coordinated hydroxide is readily accessible 
in such a situation. At this stage two possibilities exist:-
i) The unreactive symmetrical dimeric species Ch forms. 
ii) The intramolecular nucleophile attacks the phosphorus centre, and P-0-P bond 
cleavage occurs. 
The latter occurs only slowly unless a second equivalent of the reagent binds to the 
pyrophosphate complex M1. The additional Co(III) centre reduces the charge on the 
"leaving" phosphate moiety, polarizes the P-0 lx>nd further, and in general helps cleave the 
P-0-P linkage efficiently. The final prcxluct of this process is the symmetrical molecule P, 
in which each phosphorus centre is bound as both a monodentate and a didentate to two 
Co(III) centres. 
It has been argued that the formation of the metal ion pyrophosphate 6-chelate, Ch 
will inhibit cleavage of the P2074- because the 6-membered ring is a stable entity. 
However, this can be offset by the formation of additional chelate rings during the cleavage 
reaction to give species such as Pin Scheme 6.3. 
The striking similarities between the enzymic and non-enzymic systems are 
apparent. The chelated pyrophosphate moiety is moderately activated and additional metal 
ion binding activates it further. The nucleophile is a metal bound hydroxo species, and 
departure of the phosphoryl group is assisted by the additional chelating electrophilic 
complex. Furthermore, the pKa of the bound water molecule is -7, 18 which allows the 
reaction to occur at physiological pH as it does with enzymic processes. However, the rate 
enhancements obtained in the non-enzymic systems are still several orders of magnitude 
less than those of the enzymic processes. Identifying the features that influence these 
reaction rates may lead to more efficient hydrolyses and an even better understanding of 
how the enzyme functions. They may also lead to useful reagents for efficiently cleaving 
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polyphosphates and other phosphate derivatives. For this reason a senes of c is 
tetraamineCo(III)hydroxoaqua complexes was developed and their reactivity towards 
[(en)2Co(P207)J- was explored. In addition, these rather complicated processes need 
further investigation to resolve the rates of individual steps, in order to understand the 
limiting features of the chemistry. 
6.2 EXPERIMENT AL 
6.2.1 Reagents and Instrumentation. 
Analytical grade reagents were used throughout. 31 P nmr spectra were recorded 
with a JOEL FX-60 instrument at 24.21 MHz, a Bruker CXP-200 instrument at 80.98 
MHz or with a Varian VXR-300 spectrophotometer at 121.42 MHz. Chemical shifts were 
obtained in ppm relative to 85% H3P04 as an external standard. Triethylphosphate was 
used as an internal standard. lH and 13C nmr spectra were recorded with a Gemini-300 
spectrometer at 300.1 MHz and 75.5 MHz respectively, with NaTPS as the internal 
standard in D20 and TMS in CDCI3. Chemical shifts (8 positive downfield) are given in 
ppm relative to the respective standard. Electronic spectra were obtained with a Hewlett 
Packard HP 8450A diode array spectrophotometer fitted with a thermostatted cell holder. 
pH measurements were carried out with a Radiometer PHM 26 pH meter calibrated using 
standard buffers and G202C glass and K4122 calomel electrodes. All evaporations were 
carried out on a rotary evaporator at -20 Torr such that the solution temperature did not 
exceed 25°C. 
6.2.2 Syntheses. 
The following compounds were synthesized according to known procedures: 
[ (en) 2 Co ( P 2 0 7 H)], I9 c is [ (am a) 2 Co ( 0 H) ( 0 H 2)] ( C 10 4) 2, 2 0 
c is [ ( b p y) Co ( 0 H) ( 0 H 2)] ( C 10 4), 18 [ (die n) Co (CF 3 S O 3) 3], 2 1, 2 2 
cis[(en)2Co(OH)(OH2)](Cl04)2,23 [(tacn)Co(CF3S03)3],24,22 [(tame)Co(CF3S03)3],25 
N-3-bromopropyl phthalimide28 P[(trien)Co(OH2)2](Cl04)3,27 
bis(2-phthalimido-ethyl)amine.29 
was synthesized as before (Chapter 2). 
(6-methyl-6-(1-(4-amino-2-azabutyl)l,4-diazacycloheptane) 
dinitrocobalt(III) chloride monohydrate. 
[(tamen)Co(N02)2]CI.H20 
127 
and 
NaOH (0.36 g) was added to tamen.4HC1 (1 g) (kindly provided by Dr. R. Geue) 
dissolved in a minimum volume of water (0.5 ml) and the solution cooled in ice. A cooled 
solution of C0CI2.6H20 (0.72 gin 0.6 ml H20) was then added, and NaN02 (0.42 g) 
rapidly mixed in. The mixture was aerated for 1.5 hours at 0°C. The product was filtered 
off, washed with ethanol and ether and dried under vacuum. (Yield 73% ). Analysis 
~ . 
calculated for C9H24N6ClCo04: C, 27.67; H, 6.19; N, 21.51; Cl, 9.07; Co, 15.08. 
Found: C, 27.6; H, 6.1; N, 21.4; Cl, 9.4; Co, 15.L%}H nmr spectrum (D20): 1.0 (s) 
(3H), 2.2-2.7 (complex multiplets) (19H). 13C nmr spectrum (H20/D20): 23.7, 41.0, 
44.4, 44.5, 57.1, 58.7, 59.1, 61.6, 65.2, 65.5. Electronic spectrum (A,E)max: 464, 227 
M-lcm-1; 352, 2.59 x 103 M-lcm-1. 
(6-methyl-6-(1-( 4-amino-2-azabutyl) 1,4-diazacycloheptane) 
ditriflatocobalt(III) triflate trihydrate. 
[(tamen)Co(CF3S03)2]CF3S03.3H20 
[(tamen)Co(NOi)2]Cl (0.5 g) was added slowly to stirred anhydrous triflic acid and 
the solution heated at 40°C for 30 minutes. The above reaction mixture was then cooled to 
25°C and added dropwise to a stirred solution of ether (250 ml) at 0°C. The purple solid 
was filtered off, washed rapidly with ether and dried under vacuum over P205. (Yield 
95%). Analysis calculated for C12H2gN4C0F9012S3: C, 19.3; H, 3.78; N, 7.51; Co, 
7.89; F, 22.91; S, 12.88. Found: C, 19.3; H, 3.8; N, 7.3; Co, 7.6; F, 22.8; S, 12.8.% 
... 
B is(2-phthalimido-ethyl)(3-phthalimido- prop yl )amine. 
Bis(2-phthalimido ethyl)amine (5 g), N-3-bromopropyl phthalimide (5.53 g) and 
N a2C03 (2.97 g) were heated under nitrogen at 150-160°C for 3-4 hours. The solution 
was added to water ( 150 ml) and the resulting mixture extracted with CH2Cl2 (3 x 50 ml). 
The organic layer was dried with MgS04 and then evaporated. A sticky oil resulted, which 
yielded tan coloured crystals on standing... The crystals were filtered off, washed 
wit~ ether and dried under vacuum. (Yield 78%). 13C nmr spectrum (CDCl3): 26.4, 35.7, 
36.0, 51.3, 51.6, 123.0, 132.2, 133.6, 168.1. 
N ,N-bis(2-aminoethyl)-1,3-propanediamine tetrahydrochloride dihydrate. 
(N (ae)2ap).4HCI.2H20 
Bis(2-phthalimido-ethyl)(3-phthalimido-propyl)amine (5 g), KOH (6.42 g) and 
water (10 ml) were heated at 180°C for 5 hours in a sealed teflon lined bomb. The 
resulting pale yellow solution was cooled, diluted to 500 ml with water, acidified to pH 1 
with HCl and sorbed on a Dowex 50W-X2 (H+) column. The column was washed with 
water, 0.5 M HCl and 1 M HCl respectively. The product was then eluted with 2 M HCl 
and the eluate evaporated to dryness. (Yield 70% ). Analysis calculated for 
C7H2gN4Cl402: C, 24.57; H, 8.25; N, 16.38. Found: C, 24.9; H, 8.3; N, 16.2 %! 3C 
nmr spectrum (H20/D20): 23.4, 35.7, 38.5, 51.7, 53.0. 
Cis-N ,N-bis(2-aminoethyl)-1,3-propanediaminedinitrocobalt(III) chloride 
cis[(N(ae)2ap)Co(NO 2)2] CI 
NaOH (0.175 g) was added to (N(ae)2ap).4HC1 (0.5 g) dissolved in a minimum 
volume of water (1 ml) and cooled in ice. A cooled solution of CoC}i.6H20 (0.35 g in 0.5 
ml H20) was then added and NaN02 (0.20 g) rapidly mixed in. The mixture was aerated 
for 1.5 hours at 0°C. The product was collected, washed with ethanol and ether and dried 
under vacuum. (Yield 71 % ). Analysis calculated for C7H20N6ClCo04: C, 24.25; H, 
5.81; N, 24.24; Cl, 10.23; Co, 17 .00. Found: C, 24.3; H, 6.1; N, 24.1; Cl, 10.1; Co, 
17 .3%} H nmr spectrum (D20): 2.0 (br), (C-CH2-C); 2.2-3.2 (complex multiplets). I3c 
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nmr spectrum (H20JD20): 27.2, 41.4, 41.6, 46.7, 62.2, 63.8, 68.5. Electronic spectrum 
(A,E)max: 448,225 M-lcm-1; 312, 2.36 x 103 M-lcm-1. 
Cis-N ,N-bis(2-aminoethyl)-l,3-propanediaminedi triflatocobal t(III) tri fla te 
cis[(N(ae)2ap )Co(CF3S 03)2] (CF3S03) 
[(N(ae)2ap)Co(NQi)2]Cl (0.25 g) was added slowly to anhydrous triflic acid with 
stirring. The solution was heated at 40°C for 1 hour. The reaction mixture was cooled to 
25°C and added dropwise, with stirring to a cooled solution of ether (250 ml). The purple 
solid was filtered off, rapidly washed with ether and dried under vacuum over P205. (Yield 
97%). Analysis calculated for C10H20N4CoF909S3: C, 18.02; H, 3.02; N, 8.14; Co, 
8.84; F, 25.66; S, 14.43. Found: C, 18.0; H, 3.1; N, 8.0; Co, 8.8; F, 25.2; S, 14.1 % . 
[(dien)Co(S03)(0H)(OH2)] was generated in situ by adding Na2S03 (0.42 g) _ 
in portions to a stirred mixture of [(dien)C0Cl3] in water (0.9 gin 2 ml H20), and stirring 
the resulting solution for 2.5 hours. 
6.2.3 Reaction Conditions. 
[(en)2Co(P207)]- (0.025 M) was reacted with a series of cobalt(III)hydroxoaqua 
complexes (0.05 M) { cis[(N(ae)2ap)Co(OH)(OH2)]2+, cis[(ama)2Co(OH)(OH2)]2+ 
cis[ (bpy)2Co(OH)(OH2) ]2+, [ (dien)Co(OH)(OH2)2]2+, cis[ ( en)2Co(OH)(OH2) ]2+, 
[ (tacn)Co(OH)(OH2)2]2+, [ ( tame )Co(OH)( OH2)2]2+, cis[ ( tamen)Co(OH)(OH2)]2+, 
cis[(tmen)2Co(OH)(OH2)]2+, cis((tren)Co(OH)(OH2)]2+, ~[(trien)Co(OH)(OH2)]2+, 
cis[(trpn)Co(OH)(OH2)]2+} in 1 M buffer at pH 7.0 (triethanolamine/triflic acid/20% 
D20) at 25°C. (The hydroxoaqua species of N(ae)2ap, dien, tacn, tame, tamen, (tmen)2, 
tren, trien and trpn were generated in situ by adding an equivalent of base (Na OH) to the 
respective cli/tri aqua or triflate complexes at neutral pH). The reactions were monitored by 
31p nmr spectroscopy and the relative amounts of the reaction intermediates determined 
from their respective signal integrals. 
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The reaction of [(en)2Co(P207)] - (0.025 M) with cis[(tamen)Co(OH)(OH2)]2+ 
(0.05 M) in 1 M buffer at pH 5.03 (Acetate), pH 6.0 (MES), pH 8.0 (TRIS) at 25°C, and 
with cis[ (trpn)Co(OH)(OH2)]2+ (0.05 M) in 1 M buffer at pH 5.03 (Acetate), pH 6.0 
(MES), pH 7 .0 (triethanolamine/triflic acid) and pH 8.0 (TRIS) at 5°C was monitored by 
31 P nmr spectroscopy. (Acquisition parameters: acquisition frequency 121.42 MHz, 
spectral width 20 KHz, no. of data points 16384, pulse angle 90°, pulse repetition time 0.7 
s). The rate constants for the reactions with the tamen, (tmen)2, trien and trpn complexes 
were determined by plotting the log of the normalized integral of the signal corresponding 
to the product (34 ppm) vs time. 
The cis[(trpn)Co(OH)(OH2)]2+ (0.05 M) promoted hydrolysis of [(en)2CoP207]-
(0.025M) in 1 M buffer (pH 7 .0, triethanolamine/triflic acid) at 25°C was followed by 
using a quenching method. Typically, aliquots of the reaction mixture (1 ml) were 
quenched with KCN (1 g) and a trace of Co(Cl04)2.6H20 a~ i~tervals (Chapter 2). The 
solution was filtered and a 31p nmr spectrum of the filtrate was recorded. The rate constant 
for the reaction was obtained by plotting the log of the normalized integral of the signal 
corresponding to free phosphate (5 ppm) vs time. 
[(dien)Co(S03)(0H)(OH2)] (0.05 M) was reacted with [(en)2Co(P207)]- (0.025 
M) in 1 M buffer (pH 7 .0, triethanolamine/triflic acid) at 25°C. The reaction was 
monitored directly by 31 P nmr spectroscopy as well as by the quenching method described 
above. 
The rates of anation of the Co(ill)hydroxoaqua complexes of N(ae)2ap, tamen, 
( tn)2, trien and trpn were determined by monitoring the increase in absorbance at 540 nm30 
over five half lives, either on mixing aliquots of a solution of the complex (-2 x 10-3 M) 
and pH 7 .0 buffer (0.5 M, phosphate) in a stopped flow apparatus at 25°C or on dissolving 
the appropriate amount of complex in pH 7.0 buffer (0.25 M, phosphate) at 25°C. The 
ionic strength of the solution was n1aintained atµ= 1.0 M (NaCl04). The data fitted well 
to a single exponential decay and were processed either via a non-linear regression method 
(Marquardt algorithm)31 or via the least squares fitting program LSTSQR.32 
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6.3 RESULTS AND DISCUSSION 
The mechanism of cis[(tn)2Co(OH)(OH2)]2+ promoted hydrolysis of 
[(en)2Co(P207)J- has been previously unravelled to a degree (Scheme 6.3). The dimeric 
species Ch, where both metal ions are bound didentate in six membered rings appears to be 
less reactive and accumulates over the course of the reaction. More than one step therefore 
appears to be rate limiting. The system is obviously complicated and needs further 
resolution in terms of rates of individual steps, rate limiting processes etc. A structure 
reactivity study would therefore help identify features that govern these reactions. For this 
reason, a series of Co(ill)hydroxoaqua complexes were synthesized and their potential for 
cleaving [(en)2Co(P207)]- was explored. The results of this study are depicted in Table 
6.1. The reactions were conducted at near neutral pH in poorly coordinating buffers. 
This preliminary study indicated that cis[(tamen)Co(OH)(OH2)]2+ and 
cis[(trpn)Co(OH)(OH2)]2+ were the most effective of these reagents. The effect of pH on 
the rate of hydrolysis of the P207 moiety for these two reagents is given in Table 6.2. 
This study indicated that the cis[(tamen)Co(OH)(OH2)]2+ promoted hydrolysis of 
[(en)2CoP207]- at pH 7, was probably the best choice for a detailed examination of the 
overall process. However, both the tamen (25°C) and trpn (5°C) systems were explored in 
detail by 31p nmr spectroscopy as shown in Figures 6.4 and 6.5. 
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Table 6.1 Hydrolysis of [(en)2Co(P207)J- (0.025 M) by Co(Imhydroxoaqua 
Reagents (0.05 M) Buffered at pH 7, 25°C (except when otherwise stated). 
Complex Remarks k* (s-1) 
[(ama)2Co(OH)(OH2)]2+ No hydrolysis was observed over 72 < 10-7 
hours. The substrate appears not to be 
bound by the reagent over this period. 
[(bpy)2Co(OH)(OH2)]2+ Approximately 5% of the product P -10-6 
was formed after 24 hours. The starting 
material predominated at this time. All 
the signals were broadened due to the 
formation of some Co(II). 
[ ( en)2Co(OH)(OH2) ]2+ No phosphate product P was generated < 10-7 
-
over three days. Equal amounts of the 
starting material, M 1, and a small 
quantity of the chelate Ch were 
present at this point. 
[ (tmen)2Co(OH)(OH2)]2+ The reaction went to completion. 2.1 X 10-4 
[(tn)2Co(OH)(OH2)]2+ The reaction went to completion.16 3.3 x I0-4 
{30°C, [(en)2Co(P207)]- (0.05 M) and 
[(tn)2Co(OH)(OH2)]2+ (0.10 M)}. 
[(dien)Co(OH)(OH2)2]2+ No phosphate P was produced in 96 < 10-7 
hours. The chelate Ch predominated 
to the extent of 40%- 50% of the total 
components after 96 hours. 
[(tacn)Co(OH)(OH2)2]2+ No phosphate P was produced in 96 < 10-7 
hours. The starting material 
predominated along with -20% of 
the chelate Ch at this time. 
Table 6.1 continued ... 
Complex 
[(tame)Co(OH)(OH2)2J2+ 
[(N(ae)2ap)Co(OH)(OH2)]2+ 
[(tamen)Co(OH)(OH2)]2+ 
[(tren)Co(OH)(OH2)]2+ 
[(trien)Co(OH)(OH2)]2+ 
[(trpn)Co(OH)(OH2)]2+ 
Remarks 
No phosphate P was produced over 10 
days. The chelate Ch predominated 
(-50%) at this point. 
The reaction produced -15% phosphate 
P after 7 days. Substrate binding was 
incomplete. A mixture of M 1, Ch and 
M2 were present at this time. 
The reaction went to completion. 
Substrate binding did not appear to be 
rate limiting. The complexes were 
stable to decomposition. 
The reaction produced -20% phosphate 
P, after 7 days. A mixture of M1, 
Ch and M2 were present at this time. 
The reaction produced -40% phosphate 
P after 24 hours. Substrate binding 
could be rate limiting. The chelate Ch 
predominated at this time. 
Rapid reaction. The reaction went to 
completion. Co(m was generated 
during the course of the reaction. 
(broadening of signals). Substrate 
binding was not rate limiting. 
* k first order rate constant for the production of P043- ion coordinated to Cobalt(III). 
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< 10-8 
-3 X 10-7 
7.7 X lQ-4 
-4 X 10-7 
-6 X lQ-6 
-4 X lQ-3 
Table 6.2 
pH 
5.03 
6.00 
' 
7.00 
8.00 
pH Study of the Hydrolysis of [(en)2Co(P20])]- (0.025 M) by 
c is [ (N4)Co( OH)( OH2) ]2+. 
(N4) = trpn (N4) = tamen 
Remarks k* (s-1) 5°C Remarks k* (s-1 ) 25°C 
The reaction \vent to 9.6 x 10-4 No reaction at all. 
completion. Substrate The substrate signal 
binding was not rate was broadened ---
limiting. The chelate considerably. 
Ch persisted. 
as above 1 X 10-3 The reaction went to 4.8 X 10-4 
completion. Substrate 
binding was not rate 
- limiting. The chelate 
Ch persisted. 
as above 8.3 x I0-4 as above 7.7 x I0-4 
The reaction gave The reaction gave 
-5% phosphate P -15% phosphate P 
after one hour. 31 P after 2 hours. Further 
nmr signals were --- reaction did not ---
broadened from the occur. The signals 
start. No further were broadened from 
reaction occurred. the start 
* k first order rate constant for the production of P043- ion coordinated to Cobalt(III). 
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With cis[(tamen)Co(OH)(OH2)]2+ as the reagent, the substrate signal declined 
rapidly to give resonances at 5 ppm (broad), 11 ppm and 14 ppm (Figure 6.4). These 
signals decayed to produce a group of resonances at 34 ppm after 7 minutes, corresponding 
to .... 30% of the phosphate species present. The resonances at 5 ppm and 11 ppm decayed 
simultaneously but slightly faster than those at 14 ppm. Similar variations in spectral 
pattern \\1.th time, as with cis[(tn)2Co(OH)(OH2)]2+ were obtained. 
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90 min 
40 min 
18 min 
* 
8 min 
~ I 
J0 25 20 15 10 5 0 ppm 
Figure 6.4 31p n1nr spectra for the reaction of [(en)2CoP207]- (0.025 M) and 
cis[(tamen)Co(OH)(OH2)]2+ (0.05 M) in pH 7 buffer at 25°C. Acquisition 
parameters as per text. * triethylphosphate. 
60 min 
30 min 
12 min 
* 
7 min 
. 
]5 ]0 25 20 15 18 5 8 ppm 
Figure 6.5 3lp nmr spectra for the reaction of [(en)2CoP20-?J- (0.025 M) and 
cis[(trpn)Co(OH)(OH2)]2+ (0.05 M) in pH 7 buffer at 5°C. Acquisition 
parameters as per text. * triethylphosphate. 
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However, the single signal at 34 ppm observed with the (tn)2 system was replaced by a 
group of three resonances in the present study. 
The substrate signal also disappeared rapidly when [(trpn)Co(OH)(OH2)]2+ was 
used (Figure 6.5). As with the (tn)2 and tamen systems, the signals at 5 ppm and 11 ppm 
decayed simultaneously, but in this instance, the rate of decay of these resonances was 
significantly faster than the rate of decay of the resonances at 14 ppm. The latter persisted 
significantly more in this system. The signal at 34 ppm was observed very soon after 
mixing the reagents. 
As a result of this investigation the tamen complex was chosen for a full study, 
primarily because it displayed more events and it was also more stable to reduction of the 
Co(III) complexes involved, while still being a relatively efficient reagent. A graphical 
representation of these results is given in Figure 6.6. 
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Figure 6.6 The variation of signal intensity with time for the reaction of [(en)2CoP2°'7]· 
(0.025 M) and cis[(tamen)Co(OH)(OH2)]2+ (0.05 M) in pH 7 buffer 
at 25°C. 
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At least five factors could contribute to the efficiency of these reagents:-
i) The rate of substrate binding. 
ii) The equilibrium constant for substrate binding. 
iii) The pKa of the intramolecular nucleophile. 
iv) The orientation of the intramolecular nucleophile with respect to the substrate. 
v) The equilibrium constant for formation of the chelate Ch and its stability. 
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The initial step in the reaction (substrate binding) cannot proceed at a rate faster than 
that of water exchange at Co(III) if the general pattern for substitution at Co(ill) amine 
complexes holds. 33 It is therefore critical that the complex has a rapid water exchange rate 
if it is to be an effective reagent. Once the water molecule dissociates, the substrate can 
bind rapidly and effectively at this site. The rates of anation of phosphate reported in Table 
6.3 reflect this property. The anation study uses the HP042- ion to gauge the relative 
substrate ep.try rate into the Co(Im reagent. The rate was measured as a function of the 
increase in absorbance as the phosphate binds to the Co(III) ion. Clearly 
cis[(trpn)Co(OH)(OH2)]2+ is the most reactive reagent in terms of the rate at which it binds 
the phosphate. 
Table 6.3 The Rate Constants for Anation of cis[(N4)Co(OH)(OH2)]2+. * 
(N4) k (s-1) 
N(ae)2ap 6.5 X 10-5 
(en)2 4 X 10-4 (47.9°C)34; 9.10 X 10-4 (50°C)35 
tamen 0.038 
(tn)2 7.26 X 10-3 
tren 3.8 X 10-3 (50°C)36 
trien 3.09 X l0-3 
trpn 0.548 
* 0.25 M phosphate buffer (pH 7), µ = 1 (NaCl04), 25°C (unless otherwise stated). 
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Arguing by analogy with related chemistry, hydrolysis can occur via intramolecular 
reaction of a Co(Ill) bound hydroxide at the phosphorus centre. Co-OH- is a more potent 
nucleophile than Co-OH2. Therefore, for optimum reactivity a high concentration of the 
preferred nucleophile is desirable. With the complexes used, this occurs around 
physiological pH since pKal and pKa2 are -5 and -8 for the Co(IIl) bound water molecule 
(Table 6.4). It follows that if this factor alone dictated the reagent efficiency a similar 
reactivity might be expected for all the complexes. Clearly this is not the case. 
Table 6.4 Acid Dissociation Constants for cis[(N4)Co(OH)(OH2)]2+ Complexes. 
(N4) pKal pKa2 
N(ae)2ap* 5.14 7.61 
(bpy)2l8 4.6 7.0 . 
(en)237,38 4.55 8.19 
tamen* 5.0 7.59 
(tmen)2l8 4.8 8.7 
(tn)2l8 5.6 8.1 
tren39 5.5 8.0 
trien18 5.9 8.1 
trpn* 4.71 7.58 
trpn39 4.8 7.6 
* This work. 
The stereochemical arrangement of the substrate and nucleophile cis to each other is 
known to enhance reactivity. In this respect, the Co(III)hydroxoaqua complexes of 
N(ae)2ap, tamen, tren40 and trpn40 are ideal hydrolysis reagents since the complexes are 
locked in the cis geometry and are unable to undergo cis-trans isomerization. In addition, 
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variations in the separation between the cis nucleophile and substrate might lead to some 
variation in reactivity. 
Cis[(trpn)Co(OH)(OH2)]2+ was the most efficient of these reagents at cleaving the 
pyrophosphate complex. However, it was not very stable in the reaction solution; Co(II) 
was generated during the course of the reaction leading to broadening of the 31 P nnrr 
signals with time. Cis[(tren)Co(OH)(OH2)]2+ was inherently more stable than the trpn 
complex, but was somewhat less efficient at hydrolysing the chelated pyrophosphate. This 
more sluggish reactivity probably arises from a slower rate of dissociation of the Co(III) 
bound water and subsequent substrate binding as reflected in the rate of anation of this 
complex (Table 6.3). 
It is therefore evident that a molecule with the stability of the tren complex and the 
reactivity of the trpn complex would be desirable. Cis[(N(ae)2ap)Co(OH)(OH2)]2+ was 
synthesized to be this "ideal" reagent. The rationale was that substituting one of the five 
membered rings of tren with a six membered ring would activate the molecule sufficiently 
to enhance the dissociation of the bound water but would still maintain the stability of the 
Co(III) oxidation state. This notion is derived from the implied !ability generated by six 
membered rings in such Co(III) complexes and specifically for cis[(tn)2Co(OH)(OI-f2)]2+ 
and cis[(trpn)Co(OH)(OH2)]2+. However, cis[(N(ae)2ap)Co(OH)(OH2)]2+ was 
disappointing in its reactivity towards [(en)2Co(P207)]- and was very similar to that of the 
tren analogue. It simply did not bind the pyrophosphate residue rapidly enough. 
The Co(ill)hydroxoaqua complexes of the tri-coordinated ligands <lien, tacn and 
tame were also ineffective at cleaving the pyrophosphate complex; the reaction did not 
proceed much beyond the chelate intermediate Ch. Mer[(dien)Co(OH)(OH2)2]2+ was the 
most efficient of this group of reagents. 31 P nmr spectroscopic studies showed that 
substrate binding is slow in these systems, presumably due to a sluggish water exchange 
rate. Improved reactivity was anticipated for [(dien)Co(S03)(0H)(OH2)] due to the 
labilizing influence of the S032- on the coordinated water. 
The reaction of [(en)2Co(P207)]- with [(dien)Co(S03)(0H)(OH2)] could not be 
monitored by direct 31 P nmr spectroscopy due to signal broadening by paramagnetic Co(Il) 
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generated in situ. The reaction was therefore followed by the quenching method using 
KCN/Co(Cl04)2 (Chapter 2). Release of the uncomplexed phosphate ligands into solution 
results. Hydrolysis of [(en)2Co(P207)J- was followed by 31p nmr spectroscopy by 
monitoring either the resonance due to free pyrophosphate (-4ppm) or that of phosphate (5 
ppm). Cyanide ion has no effect on either pyrophosphate or phosphate. 
[(dien)Co(S03)(0H)(OH2)] did not cleave the substrate over two hours. The 
reagent was therefore not sufficiently reactive to be of interest and was not pursued further. 
Possibly the S032- ion is located between the two oxygen atoms bound to Co(III) and 
therefore does not activate the water ligand towards exchange. 
The strain induced by the azetidine ring in ama, and the methyl groups in tmen, was 
expected to enhance the reactivity of cis[(ama)2Co(OH)(OH2)]2+ and 
cis[(tmen)2Co(OH)(OH2)]2+ respectively towards water exchange relative to the parent 
molecule cis[(en)2Co(OH)(OH2)]2+. This expectation was realized with 
cis[(tmen)2Co(OH)(OH2)]2+ but cis[(ama)2Co(OH)(OH2)]2+ proved surprisingly 
unreactive. 
There has been much discussion in the literature about why hydrolysis rates are so 
sensitive to the structure of the Co(III) bound amine ligand(s).39,41 For example, a greater 
reactivity might be anticipated for a complex in which the nucleophile is placed closer to the 
substrate (i.e. a smaller 0-Co-O bond angle is favoured). However, this angle is not lilcely 
to be sufficiently different in the complexes used to justify the dramatic variations in 
reactivity observed. There are few structures of the hydroxoaqua complexes available, but 
likely structural variations in the tetraamine complexes can be gauged to a reasonable degree 
from the following disubstituted tetraamine compounds whose structures have been 
determined; [(en)2C0Cl2]+,42 Cl-Co-Cl 91.8°; [(tacn)Co(ammineglycinato)]2+,43 0-Co-N 
84.9°; cis[(tamen)Co(en)],44 N-Co-N 84.3°, cis[tn)2Co(NCS)2]+,45 SCN-Co-NCS 89.5°; 
cis[(tren)Co(NOi)2],39 02N-Co-N02 85.7°; cis[(trien)Co(OH2)Cl]2+,46 0-Co-Cl 85.6°; 
cis[(trpn)Co(OH)(OH2)]2+,47 0-Co-O 88.6°. In none of the tetraamine complexes are the 
two substituents unusually close together. This is especially true for the most reactive 
molecule [(trpn)Co(OH)(OH2)](Cl04)2. This molecule was crystallized and its structure 
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determined to test this contention (Figure 6.7, Tables 6.5, 6.6 and 6.7). To this point the 
most plausible explanation is that reactivity largely depends on the rate of water exchange in 
the Co(Ill) reagents. 
Figure 6.7 The Crystal Structure of cis[(trpn)Co(OH)(OH2)](Cl04)2. 
Table 6.5 Bond Distances in Angstroms for cis[(trpn)Co(OH)(OH2)](Cl04)2. 
Atom 1 Atom2 Distance 
01 Hll 1 0.64 (5) 
02 H211 0.79 (4) 
02 H212 1.21 (5) 
N2 H201 0.83 (5) 
N2 H202 0.81 (5) 
N3 H301 0.75 (5) 
N3 H302 1.00 (4) 
Cl Hll 0.90 (4) 
Cl H12 0.88 (5) 
C2 H21 0.97 (4) 
C2 H22 0.92 (4) 
C3 H31 0.84 (5) 
C3 H32 1.05 (5) 
C4 H41 0.95 (5) 
C4 H42 0.91 (5) 
cs H51 0.98 (4) 
cs H52 0.84 (5) 
C6 H61 0.84 (4) 
C6 H62 0.96 (4) 
C8 H81 0.84 (5) 
C8 H82 0.99 (5) 
C9 H91 0.99 (5) 
C9 H92 0.98 (5) 
Numbers in parentheses are estimated standard deviations 
in the least significant digits. 
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Table 6.6 Bond Distances in Angstroms for cis[(trpn)Co(OH)(OH2)](Cl04)2. 
Atom 1 Atom2 Distance Atom 1 Atom2 Distance 
Co 01 1.916 (3) CLl 014 1.420 (3) 
Co 02 1.944 (2) CL2 021 1.436 (3) 
Co Nl 1.972 (3) CL2 022 1.422 (3) 
Co N2 1.958 (4) CL2 023 1.455 (3) 
Co N3 1.966 (3) CL2 024 1.411 (3) 
Co N4 2.044 (3) 
Nl C71 1.470 (7) 
Nl C72 1.339 (8) 
N2 C4 1.496 (5) 
N3 Cl 1.476 (4) 
N4 C3 1.520 (5) 
N4 C6 1.505 (4) 
N4 C9 1.513 (5) 
Cl C2 1.508 (5) 
C2 C3 1.499 (5) 
C4 cs 1.506 (6) 
cs C6 1.510 (6) 
C71 C8 1.459 (8) 
C72 C8 1.640 (9) 
cs C9 1.507 (6) 
CLl 011 1.442 (3) 
CLl 012 1.422 (3) 
CLl 013 1.440 (3) 
Nwnbers in parentheses are estimated standard deviations in the least significant digits. 
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Table 6.7 Bond Angles in Degrees for cis[(trpn)Co(OH)(OH2)J(Cl0 4)2. 
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 
01 Co 02 88.6 (1) N2 C4 cs 110.6 (3) 
01 Co Nl 88.0 (1) C4 cs C6 112.9 (3) 
01 Co N2 171.2 (1) N4 C6 cs 116.9 (3) 
01 Co N3 90.4 (1) Nl C71 C8 115.1(5) 
01 Co N4 90.7 (1) Nl C72 C8 111.8 (5) 
02 Co Nl 86.9 (1) C71 C8 C72 39.9 (4) 
02 Co N2 82.8 (1) C71 C8 C9 118.2 (4) 
02 Co N3 84.4 (1) C72 C8 C9 107.8 (4) 
02 Co N4 178.5 (1) N4 C9 C8 117.4(3) 
Nl Co N2 90.0 (1) 011 CLl . 012 109.4 (2) 
Nl Co N3 171.2 (1) 011 CLl 013 107.4 (2) 
Nl Co N4 94.4 (1) 011 CLl 014 107.6 (2) 
N2 Co N3 90.2 (1) 012 CLl 013 109.1 (2) 
N2 Co N4 98.0 (1) 012 CLl 014 111.8(2) 
N3 Co N4 94.2 (1) 013 CLl 014 111.6 (2) 
C71 Nl C72 44.5 (4) 021 CL2 022 109.2 (2) 
C3 N4 C6 108.0 (2) 021 CL2 023 107.6 (2) 
C3 N4 C9 102.6 (3) 021 CL2 024 111.7 (2) 
C6 N4 C9 107.3 (3) 022 CL2 023 108.4 (2) 
N3 Cl C2 109.4 (3) 022 CL2 024 110.5 (2) 
Cl C2 C3 112.7 (3) 023 CL2 024 109.4 (2) 
N4 C3 C2 117.6(3) 
Numbers in parentheses are estimated standard deviations in the least significant digits. 
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Apart from cis [(tn)2Co (OH)(OH2)]2+, the Co(III)hydroxoaqua complexes of 
tamen, (tmen)2, trien and trpn completely hydrolyse [(en)2Co(P20 7)J - to the final 
phosphate product. The intermediates in the cis[(tamen)Co(OH)(OH2)]2+ promoted 
hydrolysis of [(en)2Co(P207)J- were identified by applying the additivity rules48 to the 
observed 31p nmr signals and by analogous chemistry with the cis[(tn)2Co(OH)(OH2)]2+ 
reagent. A mechanism for the reaction based on this analysis, which mirrors that for 
[(tn)2Co(OH)(OH2)]2+, is given in Scheme 6.4. 
The phosphorus in the substrate [(en)2Co(P207)J- resonates at 5 ppm. The signal at 
10 ppm and broadening of the signal at 5 ppm were assigned to Mt, where a basic oxygen 
of the pyrophosphate complex is bound to the [(tamen)Co(OH)]2+ moiety. The known 
stable complex 6.3 has a similar spectrum.49 M1 could exist in different configurations. 
The hydroxyl group of the [(tamen)Co(OH)] moiety could be proximal or distal to the 
tripodal ligand, with the bound hydroxide ion still cis to the coordinated P-0 moiety. The 
two Co(III) centres could also have chiral f onns. The broadened signal at 5 ppm and the 
group of signals at 10 ppm presumably arise from such isomers. The further shift of 4 
ppm to give the resonances grouped at 14 ppm is attributed to two Co(III) centres sharing 
the P2074- ion in a dichelate mode. Given the precursor molecule, this species is likely to 
be Ch. The group of signals at 34 ppm is assigned to the different isomers of P. 
Treatment of [(NH3)5CoOP03], chelated [(en)2Co02P02] or [(tn)2Co02P02] with 
cis[(tn)2Co(OH)(OH2)]2+ gives 6.4 and 6.5 respectively, which also resonate at 34 
ppm.16 
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In the initial step of the reaction, [(en)2Co(P2°'7)J- coordinates rapidly to the Co(Im 
complex (Scheme 6.4). This is consistent with the results of the anation study which 
indicate rapid binding between complex and phosphate. The intramolecular nucleophile, 
Co(III)-OH-, is thereby generated cis to the substrate. Coordination of a third Co(III) 
moiety aids nucleophilic attack at the phosphorus centre and allows the P-0-P bond to be 
cleaved. An unproductive "side reaction" generates the unreactive symmetric dimer Ch. 
This intermediate accumulates and equilibrates relatively slowly with the precursor M1. 
The intermediate M2 is not observed, implying that this intermediate is reactive and not 
present in high concentration. 
The intermediates M1 and Ch were sufficiently long lived to allow some of the rate 
constants/equilibrium constants to be derived by numerical integration for the different 
portions of the reaction. The rate equations were solved using a Runge-Kutte technique50 
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and least squares estimates were obtained for kch (0.004 s-1 ), k_ch (0.003 s- 1) and k3K2 
(0.11 M-1 s-1) (Figure 6.8). K1 for substrate binding is predicted to be> 10 M-1 since the 
reactant S is not observed after addition of cis[(tamen)Co(OH)(OH2)]2+. The simulated 
plots fit the experimental data rather well, bearing in mind the accuracy of the nmr data and 
the complexity of the process. 
Two features decrease the efficiency of the hydrolysis. Formation of the dimeric 
dichelate Ch essentially reduces the efficiency of the process initially, in terms of rate even 
though it finally decomposes to give the desired products. Elimination of this pathway 
would improve the process. The second issue involves the formation of M2 and its 
reactivity. Since M2 is not observed and the addition of the second molecule of reagent is 
likely to be fast, it seems that an unfavourable equlibrium is involved. Sensibly, K2 could 
be< 10-1 M-1 which gives a lower limit of k3 > 1 s-1. M2 therefore is a very reactive 
molecul~ leading to hydrolysis of the P2074- i~n in a few seconds. If the pre-equilibrium 
could be improved then it is possible that an increase of a factor of ten or more in overall 
rate might be achieved. However, it is not obvious how M2 might be stabilized in a 
thermodynamic sense. It is not surprising that the a_ddition of the third metal ion is not 
favourable and the stability of such an entity as a four membered chelate is also likely to be 
low. It follows therefore that improvements in this area are unlikely. 
Based on the observations of these studies an "ideal" reagent therefore requires:-
i) A fast water exchange rate that precedes rapid substrate binding (i.e. a rapid 
pre-equilibrium step). 
ii) A Co(III) centre that is stable to reduction to Co(II). 
iii) A ligand that prevents the formation of the chelate Ch and channels the reaction 
through the more reactive pathway. 
iv) A complex that is locked in the favoured cis configuration. 
v) Close proximity of the substrate and nucleophile may also enhance the reaction 
rate, but so far the reagents used do not seem to display this property with any 
certainty. 
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The assembly of ligand/Co(III) ions in the reactive intermediate M 2 clearly 
promotes the rapid hydrolysis of the pyrophosphate. If polyphosphate cleavage can also be 
accomplished in -1 s-1 this is then a step forward in activating unreactive phosphate 
ligands. 
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7.1 INTRODUCTION 
Deoxyribonucleic Acid (DNA) and Ribonucleic Acid (RNA) are phosphodiesters of 
vital significance for replication processes in biology. I The phosphodiester bridges of 
these molecules are hydrolysed by two classes of enzymes, namely the 3' enzymes that 
specifically hydrolyse the ester linkage between the 3' carbon and the phosphoryl group, 
and the 5' enzymes that specifically hydrolyse the ester linkage between the 5' carbon and 
the phosphoryl group. Since the sequence of nucleotides in nucleic acids is the primary 
means of storing and transmitting genetic information, identifying these sequences is 
essential to gain insight into the molecular basis of life. Nucleases are enzymes which 
hydrolyse nucleic acids, and are important tools for fragmenting polynucleotides in order to 
determine their sequences. Synthetic "nucleases" which function by oxidative cleavage of 
these nucleotides have also been devised.2,3 This route, involving highly reactive hydroxyl 
radicals, results in partial degradation of the sugar ring and makes the process irreversible. 
Phosphodiesterases are metalloenzymes and the role of the metal might be mimicked 
by appropriate metal complexes which could also have a potential for selectively 
hydrolysing diester linkages. In order to explore the diesterase activity of metal complexes, 
and their specificity for cleaving the diester at the 3' and 5' positions, d1e model ester 
cyclic-(-)-adenosine3',5'-monophosphate (cAMP) was reacted with various reagents 
showing esterase activity. 
Cyclic-AMP is an intracellular messenger molecule (also called a "second 
messenger") involved in the action of over twenty different hormones, e.g. adrenaline, 
glucagon, ACTH. When these hormones arrive at the surface of the cell, they bind to 
specific receptor sites located at the outer surf ace of the cell membrane. This causes local 
conformational changes in the membrane resulting in the activation of adenylate cyclase, a 
Mg2+ dependent enzyme, located on the inner surf ace of the cell membrane, that converts 
ATP to cAMP. The cAMP thus formed then binds the regulatory subunit of protein kinase, 
a key enzyme in the phosphorylase system. This results in protein kinase releasing its 
• 
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catalytic subunit in the active form, which then catalyses protein phosphorylation (Scheme 
7 .1). 
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receptor---__ t cell membrane 
~ Adenylate cyclase 
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@ regulatory subunit of protein kinase 
Scheme 7.1 
(Modified from reference 1) 
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While the hormone is secreted into the blood stream, the adenylate cyclase system 
remains activated and maintains high levels of cAMP in the cytoplasm. However, once 
hormone secretion stops, the level of cAMP quickly falls. This is a consequence of 
dissociation of the hormone bound to the receptor, and the action of 3' ,5'-cA11P 
phosphodiesterase. This enzyme, whose activity depends on Mg2+ ions, specifically 
hydrolyses cAMP to 5'-monophosphate (Scheme 7.2). 
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Since the exact role of the metal ion in this enzyme is uncertain, it is relevant to 
examine the reactivity of cAMP in the presence of simple metal ion complexes. Although 
cAMP is best known for its role as a "second messenger" in the action of enzymes, it also 
participates in synaptic transmission of nervous impulses, functions as a regulator of cell 
division, and is a mediator in inflammatory and immune reactions of tissues. However, 
much is yet to be learned about the complete chain of events that occur in these complex 
regulatory processes. 
In this work, the hydrolysis of cAMP by tetraaminecobalt(III)hydroxoaqua 
complexes has been evaluated. These complexes contain a labile water molecule 
coordinated to the metal ion, which enables the ester to bind readily. Furthermore, the 
coordinated hydroxide is favourably positioned for intramolecular nucleophilic attack at the 
phosphorous centre. Cleavage of P-0 bonds of cAMP by these reagents could yield either 
or both the 3' and the 5' monoester complexes4 (Scheme 7.3), in reactions that potentially 
mimic those of enzymes . 
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7 .2 EXPERIMENT AL 
7 .2.1 Reagents and Instrumentation. 
Analytical grade reagents were used throughout. 31 P nmr spectra were recorded 
with a Varian VXR-300 instrument at 121.42 ivIHz, or with a Bruker CXP-200 instrument 
at 80.98 ivIHz. Chemical shifts were obtained in ppm relative to 85% H3P04 as an external 
standard. Triethylphosphate was used as an internal standard. lH and 13C nmr spectra 
were recorded with a Gemini-300 spectrometer at 300.1 :MHz and 75.5 :ivll-Iz respectively, 
with NaTPS as internal standard. Chemical shifts (8 positive downfield) are given in ppm 
relative to this standard. Electronic spectra were obtained with a Hewlett Packard HP 
8450A diode array spectrophotometer fitted with a thermostatted cell holder. pH 
measurements were carried out with a Radiometer PHM 26 pH meter calibrated using 
standard~buffers, and G202C glass and K4122 calomel electrodes. All evaporations were 
carried out on a rotary evaporator at -20 Torr such that the solution temperature did not 
exceed 25°C. 
7 .2.2 Syntheses. 
The following compounds, cis[(tmen)2Co(OH2)2](Cl04)3.H20,5 
cis[(tn)2Co(OH)(OH2)](Cl04)2,5,6 and ~[(trien)Co(OH2)2](Cl04)3 7 were synthesized 
according to published procedures. Cis[(trpn)Co(CF3S03)2](CF3S03) and 
cis[(tamen)Co(CF3S03)2](CF3S03) were synthesized as before (Chapters 2 and 6 
respectively). 
7 .2.3 Reaction Conditions. 
Cyclic-AMP (0.025 M), 3'-AMP (0.025 M) and 5'-AMP (0.025 M) were reacted 
respectively with a 3 or 5 fold excess of [(N4)Co(OH)(OH2)]2+, { (N4) = tamen, (tmen)2, 
(tn)2, trien or trpn} in 1 M buffer (pH 7, triethanolamine / triflic acid) at 25°C. The 
hydroxoaqua complexes were generated in situ by reacting either the diaqua or ditriflate 
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complexes with an equivalent of base at pH 7. 31 P nmr spectroscopy was used to monitor 
either.-
i) the reaction mixtures, or 
ii) quenched samples from the reaction mixtures. 
Typically, 1 ml aliquots of the reaction mixture were quenched at intervals with 
KCN (1 g) and a trace of Co(Cl04)2. 20% D20 was then added to the filtered samples and 
integrated 31 P nmr spectra recorded. (Acquisition parameters: acquisition frequency 
121.42 MHz, spectral width 20 KHz, no. of data points 16384, pulse angle 90°, pulse 
repetition time 0. 7 s ). 31 P nmr spectral assignments were confirmed by addition of 
authentic specimens to the quenched samples. 
7.3 RESULTS AND DISCUSSION. 
Due to the complexity of the 31 P nmr spectra (Figure 7.1), quantifying the amounts 
of hydrolysis products obtained on reacting cAMP with the Co(ill)hydroxoaqua complexes 
was not possible. These spectra were qualitatively interpreted by applying the "additivity 
rules", empirically derived to predict the effect of substituents on 31p nmr chemical shifts 
of phosphate moieties.8 By this methcxl, the signals at 5 ppm, 12 ppm, 20 ppm and 34 
ppm were assigned to species 7.1, 7.2a and 7.2b, 7.3a and 7.3b and 7.4 respectively 
(Scheme 7.4). 
Clearly, this procedure does not distinguish between the 3' and the 5' 
monophosphate products. In order to accomplish this, the reaction mixtures were 
quenched using KCN/Co(Cl04)2 (Chapter 2), and 3Ip nmr spectra of the quenched 
samples were obtained. These spectra contained signals corresponding to 3'-AMP, 5'-
AMP, phosphate ion and unreacted cAMP at 4.9 ppm, 4.8 ppm, 4.3 ppm and -1.4 ppm 
respectively (Figure 7.2). The ratio of 3'-AMP : 5'-AMP was estimated from the 
integrated intensities of the signals due to these two species in the quenched reaction 
mixtures. The results of these studies are given in Table 7 .1. Representative 31 P nmr 
spectra are depicted in Figures 7 .3 and 7.4. 
* 
J0 25 20 15 10 5 0 ppm 
Figure 7.1 31p nmr spectrum of cAMP (0.025 M) and P[(trien)Co(OH)(OH2)]2+ 
(0.125 M), buffered at pH 7, 25°C, 7 hrs. • triethylphosphate. The peak 
corresponding to free cAMP (-1.4 ppm) does not show its absolute intensity. 
d 
* 
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' c b 
_j ---------~ ,,______ 
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2 1 0 . -1 
a 
ppm 
Figure 7.2 31p nmr spectrum of the reaction mixture produced by reacting cAivIP 
(0.025 M) and P[(trien)Co(OH)(OH2)]2+ (0.125 M) at pH 7, 25°C, and 
quenching after 7 hr. • triethylphosphate; a cAMP; b phosphate ion; 
c 5'-AMP; d 3'-AMP. 
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Figure 7.3 3lp nmr spectra of quenched samples of cAMP (0.025 M) and 
cis[(tn)2Co(OH)(OH2)]2+ (0.075 M) buffered at pH 7, 25°C. 
a 
ppm 
* triethylphosphate; a cAMP; b phosphate ion; c 5'-AMP; d 3'-AMP. 
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Figure 7 .4 31 P nmr spectra of quenched samples of cAMP (0.025 NI) and 
~((trien)Co(OH)(OH2)]2+ (0.125 M) buffered at pH 7, 25°C. 
ppm 
* triethylphosphate; a cAMP; b phosphate ion; c 5'-AMP; d 3'-AMP. 
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Table 7.1 Ratio of Monoesters Formed on Reacting cAMP (0.025 M) with a 3-5 Fold 
Excess of cis Co(ill)hydroxoaqua Complexes at pH 7, 25°C. 
Complex Ratio of3'-AMP: 5'-AMP 
observed corrected 
[(tamen)Co(OH)(OH2)]2+ 2 ,, ,.., ::, 
[ ( tmen )2Co( OH)( OH2) ]2+ 2 . 
[(tn)2Co(OH)(OH2)]2+ 0.3 -0.25 
~[ (trien)Co(OH)(OH2)]2+ 4 -5 
[(trpn)Co(OH)(OH2)]2+ 3 -1.5 
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The ratio of 3'- AMP : 5'- AMP at any point in time was independent of the 
concentration of Co(III) reagent used, but varied with time (Table 7.2). This was attributed 
to subsequent hydrolysis of the monoesters to adenosine and phosphate (Scheme? .5). 
5'-AMP NH2 
<N-r~ NJ..N~ 
OH 
Adenosine 
3'-AMP 
Scheme 7.5 
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It therefore became critical to investigate the relative rates for Co(IlI) complex 
promoted hydrolysis of the monoesters 3'-AMP and 5'-AMP, under the same conditions as 
those used in the hydrolysis of cAMP. These reactions were monitored by 31 P nmr 
spectroscopy as described earlier. The 31 P nmr spectra of the reaction mixtures consisted 
of signals in the range 10-15 ppm, 20 ppm, 34 ppm and 41 ppm (Figure 7.5), which were 
assigned to 7.5a and 7.5b, 7.6a and 7.6b, 7.7 and 7.8 respectively (Scheme 7.6), by 
applying the additivity rules. 
Table 7 .2 Ratio of Monoesters Formed on Reacting cAMP (0.025 M) with a 3-5 Fold 
Excess of cis[(N4)Co(OH)(OH2)]2+, at pH 7, 25°C, as a Function of Time. 
(N4) Reaction time (hr) 3'-AMP : 5'-AMP 
. 
. 
tamen 2.25 2.3 
21 1.7 
(tn)2 4.25 0.42 
60 0.28 
trien 5.5 4.1 
64 3.3 
trpn 1 1.5 
21 2.8 
I I I I I I I I I I I i I I I I I I i I I I I I I I I I I I ' I I 
40 JS ]0 25 c0 15 10 5 0 ppm 
Figure 7.5 31p nmr spectrum of 5'-A:NIP (0.025 M) and cis[(tn)2Co(OH)(OH2)]2+ 
(0.075 M) buffered at pH 7, 25°C, -4 hrs. Acquisition parameters: 
acquisition frequency 121.42 N!Hz, spectral width 20 KHz, no. of data 
points 16384, pulse angle 90°, pulse repetition time 0. 7 s. 
* triethylphosphate. 
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The ultimate hydrolysis products of both monoesters are adenosine and free 
phosphate. The latter subsequently coordinates to Co(III) to give 7.7 and 7.8 (with 
chemical shifts at 34 ppm and 41 ppm respectively) (Scheme 7.6). The integrals of these 
resonances were used to estimate the relative rates of the Co(III) complex promoted 
hydrolysis of 3'-AMP and 5'-AMP. 
The 31 P nmr spectra of quenched aliquots of the above reaction mixtures are 
composed of signals attributed to the phosphate ion (4.3 ppm), and the monoester 3'-AMP 
at 4.9 ppm or 5'-AMP at 4.8 ppm (Figure 7 .6). The relative amounts of phosphate were 
determined from integrated signal intensities. 
0 
II 
.0 ......... P-0 / OH 
-o 
3'-AN!P 
7 .Sa 
7 .6a 
/ 
7.7 
0 
o II o 
(N.)Co/ 'p/ 'Co(N.) 
'o.,, ........._o.,,, 
-41 ppm 
7.8 
Scheme 7.6 
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5'-ANIP 
7.5b 
7 .6b 
* 
5 4 3 2 1 0 -1 ppm 
Figure 7.6 3lp nmr spectrum of a quenched sample of 5'-AN1P (0.025 M) and 
cis[(tn)2Co(OH)(OH2)]2+ (0.075 M) buffered at pH 7, 25°C, -4 hrs. 
Acquisition parameters: acquisition frequency 80.98 NIH.z, spectral width 
20 KHz, no. of data points 16384, pulse angle 90°, pulse repetition time 
0.7 s. * triethylphosphate; a phosphate ion; b 5'-AMP. 
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Over a short period of time, both methods gave comparable results. Ho\vever, the 
quenching method proved more reliable over longer intervals . . The formation of 
paramagnetic Co(II) on standing, lead to broadening of 31 P nmr signals and made accurate 
integrations impossible. Representative results of this study are given in Table 7 .3, and 
have been used to estimate the relative amounts of the monoesters formed, prior to their 
subsequent hydrolysis (Table 7.1, corrected ratio). 
Table 7.3 Relative Rates for the Hydrolysis of 3'- and 5'-AMP by 
cis[(N4)Co(OH)(OH2)]2+ at pH 7, 25°C. 
(N4) Reaction time % 3'-AMP % 5'-AMP 3'-AMP : 5'-AMP 
(hr) reacted reacted 
tamen 2.25 18 9 2:1 
(tn)2 4.25 8 17 1:2 
trien 5.5 -4 <1 4: 1 
trpn 1 6 23 1 : 4 
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The observed product ratio is a combination of the selectivity of formation of 3' vs 
5'-AMP and the subsequent relative rates of hydrolysis of the 3'-AMP and 5'-AMP 
complexes. The trpn complex which overall is the most efficient reagent for ester 
hydrolysis exhibits the least stereochemical selectivity. The product ratio observed (3 : 1) 
arises largely from the faster hydrolysis of the 5'-AMP complex, rather than from 
selectivity in the initial hydrolysis of cAMP. The ~[ (trien)Co(OH)(OH2)]2+ and 
cis[(tamen)Co(OH)(OH2)]2+ reagents give preferential cleavage at the 5' position. When 
the relative rates of hydrolysis of the monoesters are taken into consideration, the degree of 
selectivity is greater than that suggested by the observed product ratio. For example, with 
the trien reagent, the major initial product (3'-AMP) is removed more rapidly (4 fold) than 
the 5' product. In contrast with the other complexes cis[(tn)2Co(OH)(OH2)]2+ cleaves 
preferentially at the 3' position. The degree of selectivity of this process is again greater 
than that suggested by the observed product ratio due to the faster hydrolysis of the 5' 
complex. 
The selectivity of hydrolysis of cAMP is clearly dependent on the reagent used. 
Molecular models indicate that for ~[(trien)Co(OH)(OH2)]2+, the orientation of cAMP 
bound to Co(III) is more favourable for producing the 3' product than the 5' isomer 
(Figure 7 .7). The phosphoryl oxygen and a terminal nitrogen on the ligand are placed such 
that favourable hydrogen bonding interactions occur readily in this conformation. In 
(NJ H 
~~~Co 0 
OH 
H. p 
~ ,,,,,, .......... of\J 
,, ,,,,, 0 
,,' .. 
0 .. , ,,,, .... 
,,, .•' 
,,,.. .• 
.. ' 
Figure 7.7 Preferred conformation of the cAMP- ~[(trien)Co(OH)(OH2)]2+complex. 
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Figure 7.8 Preferred conformation of the cAMP - cis[(tn)2Co(OH)(OH2)]2+ complex. 
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contrast, with the cis[(tn)2Co(OH)(OH2)]2+ reagent, hydrogen bonding is more favourable 
in the conformation that yields the 5' product (Figure 7 .8). 
To date, it has not been possible to achieve regiospecificity for hydrolysis of such 
diesters using synthetic nucleases, e.g. metal ion complexes. However, in this study, by 
use of the appropriate Co(ill) complex , it has been possible to "steer" the reaction towards 
obtaining significantly greater amounts of one or other of the prcxiucts. This is promising, 
and the properties of such Co(ill) complexes could perhaps be exploited in order to drive 
the reaction solely in one direction, as in the enzymic systems. 
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SUMMARY AND CONCLUSIONS 
In this era of "new biology" it has become even more important to understand the 
role that metal ions play in the metabolism of phosphate esters, in particular DNA. The 
work described here has attempted to probe the interaction between various biologically 
important "phosphates" and the metal ions necessary for their utilization, to reveal 
hopefully a "core" relationship which may shed light on the essential role the metal ions 
play. 
In the pH range 3-11, [(NH3)5C00P03CONH2](CI04) hydrolyses by elimination 
to yield [(NH3)5CoOP03] and cyanate ion. The rate of reaction is enhanced significantly in 
basic media ( - 2 x 1 Q3 fold, pH 11) but diminishes to almost zero at low pH. The 
enhanced reactivity presumably arises from the polarising influence of the metal ion. The 
reaction also occurs by elimination with nitrogen nucleophiles such as ammonia and 
methylamine. This is in contrast to what is observed in the enzymic systems, transfer of 
the carbamoyl moiety occurs in these cases. The reactivity of the carbamoyl phosphate 
moiety was enhanced further by the coordination to additional metal centres. Reaction of 
[(NH3)5CoOP03CONH2]+ with excess cis[(trpn)Co(OH)(OH2)]2+ gave a rate 
enhancement of - 200 relative to the free ligand (pH 7). These reactions appear to occur 
via intramolecular nucleophilic attack of hydroxide ion at either the carbon or the 
phosphorus centre in the complex. Although enhanced reactivity is observed with these 
systems, the mechanistic paths involved do not appear to mimic those of the biological 
processes. 
BNPP coordinated to the (NH3)5Co- moiety is hydrolysed -106 fold faster than the 
uncoordinated ligand. Taldng into account the proportion of the nucleophile present yields 
a rate enhancement of - 108. The reaction proceeds by intramolecular attack of 
deprotonated ammonia at the phosphorus centre and presumably produces the chelate 
phosphoramidate ester. This species ring opens rapidly to yield the N-bound 
phosphoramidate ester which reacts further by attack of coordinated hydroxide ion at the 
phosphorus centre. 
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The study with the cis[(en)2Co(OH2)BNPPJ2+ complex demonstrated once again 
the efficacy of the intramolecular nucleophile in hydrolysis. Comparison of the rate 
constants for the complex and the free ligand at pH 8, 25°C yields a rate enhancement of 
-108. However, the chelate monoester was not observed. Ring opening of the chelate ring 
was very rapid even at neutral pH unlike the chelate phosphate which is indefinitely stable 
under these conditions. 
Some discrepancy in the literature concerning the relative importance of anation and 
intramolecular attack in the mono and diester complexes was resolved. For example, the 
rate constants for release of nitrophenolate ion from two comparable systems, namely, 
cis[(en)2Co(OH2)BNPP]2+ and cis[(en)2Co(OH)(OH2)]2+ / BNPP differed by many 
orders of magnitude. The present study indicates that this difference arises from rate 
limiting anation. 
1 The interesting binuclear complex µ-amido-µ-4-nitrophenylphosphato-
bis[bis(ethylenediamine)cobalt(III)J(Cl04)3 hydrolyses -5 x 107 fold faster in 0.1 M 
Na OH than the uncoordinated ligand, and -260 fold faster than the comparable 
mononuclear complex under similar conditions. The outstanding feature of the reactivity of 
the complex is not the rate at which it reacts, which is in line with expectations, but the fact 
that the reaction proceeds predominantly by attack of nucleophile at the phosphorus centre, 
without prior ring opening of the six membered chelate ring. The nucleophile in this case 
was a deprotonated amine of the ethylenediamine ligand. 
The cleavage of pyrophosphate by cis[(N4)Co(OH)(OH2)]2+ reagents has been the 
subject of study for a number of years. In the present study, the potential for P-0-P bond 
cleavage in [(en)2CoP207]- by a series of Co(III)hydroxoaqua complexes was explored. A 
more detailed investigation of the system in terms of equilibria and_ rate constants was 
carried out using cis[(tamen)Co(OH)(OH2)]2+. The tamen complex was used in this 
study as it fulfilled a number of requirements thought to be necessary for rapid cleavage. 
These include, 
i) A fast water exchange rate that precedes rapid substrate binding (i.e. a rapid 
pre-equilibrium step). 
ii) A Co(III) centre that is stable to reduction to Co(m. 
iii) A complex that is locked in the cis configuration. 
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Comparison of the rate constants for the hydrolysis of the pyrophosphate complex 
at neutral pH, 25°C in the absence and presence of the tamen complex yields an 
enhancement in rate of -105 for hydrolysis in the latter case. 
The rate enhancement observed in the hydrolysis of cAMP by 
P[(trien)Co(OH)(OH2)]2+ is -108. However, the absolute rates observed with such 
Co(ill) complex promoted hydrolyses are too slow to be of practical use to the molecular 
biologists. A more significant feature of these reactions is the degree of selectivity that may 
be achieved by these complexes. The selectivity is dependent on the nature of the amine 
ligand. Thus when P[(trien)Co(OH)(OH2)]2+ is used, the product ratio of 3'-AMP : 
5'AMP is 5 : 1, while with cis[(tn)2Co(OH)(OH2)]2+ a ratio of 1 : 4 is obtained. This 
discrimination can most certainly be enhanced hr the judicious selection of amine ligands. 
Such reagents would be valuable synthetic nucleases. 
Future work 
The development of reagents that are capable of digesting DNA and RNA in a 
controlled way is an important goal of this type of work. We have shown that a high 
degree of selectivity is possible. The next step would be to speed up the rate at which the 
cleavage occurs. The advantage that this type of chemistry has over the existing metal ion 
based cleavage reagents (Fenton reagent, Co-Bleomycin etc.), is that the reaction proceeds 
biomimetically, i.e. by nucleophilic attack at the phosphorus centre rather than by 
indiscriminate radical chemistry. This allows the products of cleavage to be religated and 
used for example, in cloning experiments. Such advantages should be enough to provide 
the impetus to pursue this line of research further. 
APPENDICES 
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Appendix I 
31 P nmr chemical shifts. 
31 P nmr spectroscopy was used extensively throughout this study. The 
phosphorus species are identified by this technique on applying a set of empirically derived 
"additivity rules" .1-5 Thus, the chemical shift of the substituent (for example, metal ions, 
esterifying groups, protons etc.) are added onto the chemical shift of the "parent 
phosphate" in order to derive the chemical shift of the required molecule. Some of the 
substituent effects for addition to a basic oxygen of a phosphate are given in Table 1. 
Table 1 Substituent effects for addition to a basic oxygen of phosphate derivatives. 
Substituent 
Co(III) +6 to +8 
H+ 
-2 to -4 
-CH3 0 to-2 
-C2H5 0 to-2 
-C6!4N02 -5 to -6 
-P03 -10 to -13 
In addition to these a few special cases also require comment:-
i) Chelation of the substrate requires an empirical correction of 4 to 5 ppm in 
addition to the component for each bonded atom (this is due to the change in 
0-P-O angle at the P centre). 5 
ii) Coordination of a trivalent metal ion (e.g. Co(III), Ir(III), Rh(III)) via the P=O 
oxygen yields a ~8 value of 3 to 4 ppm. 
iii) The chemical shift of the phosphoramidate derivatives are significantly different 
to those of the phosphates. 
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Thus, 
i) coordination of the phosphoramidate derivative to a Co(III) centre via the N 
shifts the P signal of the bonded P atom upfield by 1 to 2 ppm. 
ii) coordination of the phosphoramidate derivative to a Co(III) centre via the 0 
shifts the P signal of the bonded P atom downfield by -10 ppm. 
iii) deprotonation of the metal bound NH2 group shifts the P signal downfield by 
16 to 18 ppm. 
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Appendix II 
LSTSQR: Least Squares Fitting Program. 
LSTSQR is a weighted least-squares curve fitting program running on a VAX 
11nso computer. The user specifies the equation, the number and value of the constants, 
the number of parameters and estimates of the values of these parameters. The data are 
entered in the form of a table of x, y values where xis the independent variable and y is the 
dependent variable. An iterative procedure is used to minimize the value of "Q", the 
weighted least squares measure of the goodness of fit. The output from the program 
includes the "Q" value of each iteration, the calculated values of the parameters with 
associated errors and residuals for each point. A graphical representation of the data with 
the calculated curve is also available. 
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Appendix III 
Biochemical Assay. 
The biochemical assay is a sensitive quantitative determination based on an enzymic 
conductivity rate method to measure the decomposition of urea to bicarbonate and 
ammonium ions. The sample is injected into the urease reagent, and a Beckman 
Conductivity Electrode monitors the rate of increase of solution conductivity as urease 
catalyses the hydrolysis of urea to ammonium carbonate. The rate of increase in 
conductivity is directly proportional to the concentration of urea for a constant enzyme 
concentration and a constant temperature. 
urease 
+ 
The major advantages of this technique over the nmr methods used are the accuracy 
and speed of analysis; an analysis is completed within a few minutes and detects quantities 
of urea in the range 3-30 mM. 
Appendix IV 
OPT44: Program for Determining Rate Constants and Equilibrium 
Constants. 
c Find best fit rate constants for the reactions. 
c x(l )=[CoPCo] 
c x(2)=[CoPCo*] 
c x(3)=[P] 
c x(4)=[Co] 
c The program fits the observed concentrations against the numerically 
c predicted values of x(l) to x(4). 
c NAG subroutine E04FCF is used to find the values for the rate constants 
c that give the best least squares fit with the observed concentrations. 
c rate(l)=k_ch 
c rate(2)=k_ -ch 
c rate(3 )=k_3 
implicit none 
integer i,j ,nts,ndp ,m,n,iprint,maxcal,lj,lv ,niter ,nf,iw(5),liw, 
1 lw,ifail 
real *8 rss,xi(5),x(5),xd(5),del,rate(5),t,maxtime,obs(5,20), 
1 eta,xtol,stepmx,f sumsq,fvec(80),fjac(80,5),s(5), v(5 ,5), w( 600), 
2 time(20),srate(5),beta( 4,4) 
external lsqfun,lsqmon 
common time,obs,rate,x,xi,xd,del, t,ndp 
common /runge/ beta 
do i=l,4 
do j=l,4 
beta(i,j)=O. 
end do 
end do 
beta(2,1)=0.5 
beta(3 ,2)=0.5 
beta( 4,3)= 1.0 
c Read guesstimates of the rate constants from file RA TE.DAT 
c NAG uses these as a starting point. 
open( uni t=20,file='rate. dat', status='old') 
read(20, *) (rate(i),i= 1,3) 
close(20) 
c Scale the rate constants because NAG is happier if they're all 
c the same order of magnitude (not used at the moment). 
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srate(l)=rate(l) 
srate(2)=rate(2) 
srate(3)=rate(3) 
c Read initial concentrations from file INITCONC.DA T 
open(unit=21,file='initconc.dat',status='old') 
read(21, *) (xi(i),i=l ,4) 
close(21) 
c Read measured concentrations from file RAM.DAT 
open( unit=20,file='ram.dat' ,status='old') 
read(20,*) ndp 
read(20, *) (time(i),obs(l,i),obs(3,i),obs(2,i),i= 1,ndp) 
close(20) 
n=3 
m=ndp*3 
liw=5 
lw=600 
lj=80 
lv=5 
eta=0.6d0 
xtol=l.Od-4 
stepmx=2.0d-1 
maxcal=2000 
iprint=l 
ifail=l 
c Incantation to summon NAG 
call e04fcf(m,n,lsqfun,lsqmon,iprint,maxcal,eta,xtol,stepmx,srate, 
1 f sumsq,fvec,fjac,lj,s,v,lv ,niter,nf,iw ,liw, w ,lw,ifail) 
c The Answer 
c if if ail is non-zero, this means that NAG is 
c complaining about something, so the result 
c shouldn't be trusted. 
type*, 'if ail =',if ail 
type*, 'min error= ',fsumsq 
type*, 'kch = ',dabs(srate(l)) 
type*, 'k-ch = ',dabs(srate(2)) 
type*, 'k3 = ',dabs(srate(3)) 
end 
subroutine lsqfun(iflag,m,n,xc,fvecc,iw ,liw ,w ,lw) 
c Subroutine used by NAG to calculate the individual residuals 
c ie, the difference between observed and numerically predicted values 
c at each time. 
parameter (steps=lOO) 
integer iflag,m,n,iw(liw),liw,lw,its,nts,ndp,idp,i,j 
real *8 xc(n),fvecc(m), w(lw),x(5),xd(5),del,t,rate(5),obs(5,20), 
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1 xi(5),time(20),beta( 4,4) 
common time,obs,rate,x,xi,xd,del,t,ndp 
common /runge/ beta 
nts=steps*ndp 
do i=l,4 
x(i)=xi(i) 
end do 
c type* ,'Calling lsqfun' 
c type* ,'nts=',nts 
c Just in case NAG decides to try negative rate constants, absolute 
c values are taken here. 
rate(l)=dabs(xc(l)*O.OldO) 
rate(2)=dabs(xc(2)*0.0ld0) 
rate(3)=dabs(xc(3)) 
t=O.OdO 
del=time(l)/steps 
j=O 
do its= 1,nts 
call integ 
t=t+del 
if (its/steps.eq.int(its/steps)) then 
idp=its/steps 
C type*,idp 
do i=l,3 
fvecc(idp+(i-1) *ndp )=(x(i)-obs(i,idp)) 
c type* ,fvecc(idp+(i-1) *ndp) 
end do 
j j+l 
del=(timeG+ 1)-timeG))/steps 
end if 
end do 
return 
end 
subroutine integ 
c Apply a fourth-order Runge-Kutta method to predict the concentrations 
c at the next time-step. 
c This subroutine and the next are based (loosely) on a program written by 
c Denis Evans. 
integer i,ndp,r,j 
real*8 x(5),xi(5),xd(5),rate(5),del,t,xs(5),xds(5),obs(5,20),time(20), 
1 beta( 4,4 ),k( 4,5) 
common time,o bs,rate,x,xi,xd,del, t,ndp 
common /runge/ beta 
call deriv(x) 
do i=l,4 
k( 1,i)=xd(i) 
end do 
do r=2,4 
do i=l,4 
xs(i)=x(i) 
do j=l ,r-1 
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xs(i)=xs(i)+del *beta(r,j)*kU ,i) 
end do 
end do 
call deriv(xs) 
do i=l,4 
k(r,i)=xd(i) 
end do 
end do 
do i=l,4 
x(i)=x(i)+del/6.0*(k( 1,i)+ 2.0*k(2,i)+ 2.0*k(3 ,i)+k( 4,i)) 
end do 
return 
end 
subroutine deriv(xt) 
c Calculate the time-derivatives of the concentrations. 
integer i,ndp 
real*8 x(5),xt(5),xd(5),xi(5),rate(5),obs(5,20),time(20),del,t 
common time,obs,rate,x,xi,xd,del,t,ndp 
c type* ,'conc',xt( 1 ),xt(2),xt(3),xt( 4) 
c type* ,'rate',rate(l),rate(2),rate(3) 
xd(l)=-rate( l)*xt(l )+rate(2)*xt(2)-rate(3)*xt( 1 )*xt( 4) 
xd(2)=-rate(2 )*xt(2)+rate( 1 )*xt( 1) 
xd(3 )=rate(3 )*xt( 1) *xt( 4) 
xd(4)=-rate(3)*xt(l)*xt(4) 
return 
end 
subroutine lsqmon(m,n,xc,fvecc,fjacc,ljc,s,igrade,niter,nf,i w ,liw, w ,1 w) 
c Monitor subroutine. Used for debugging. 
integer i,m,n,ljc,igrade,niter,nf,iw(liw),liw ,lw 
real*8 xc(n),fvecc(m),fjacc(ljc,n),s(n),w(lw),rss 
type*, 'iteration # ',niter 
do i=l,n 
type* ,xc(i) 
end do 
rss=O.O 
do i=l,m 
rss=rss+fvecc(i)**2 
end do 
type*, 'rss=' ,rss 
return 
end 
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